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Abstract

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 | 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.

Abbreviations: AhR: aryl hydrocarbon receptor; B[a]P: benzo[a]pyrene; CYP: cytochrome P450; EMT:
epithelial-to-mesenchymal transition; Cx43: connexin 43; GIJIC: gap junction intercellular
communication; HMGCoA reductase: 3-hydroxy-3-methylglutaryl-CoA reductase; NHE1: Na*/H*
exchanger; PAH: polycyclic aromatic hydrocarbon; pHi: intracellular pH; pHe: extracellular pH; TCA
cycle: tricarboxylic acid cycle; TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin; Aym: mitochondrial
membrane potential; Ap: proton motive force; ApHm: cytosol-mitochondrial proton gradient.

Key words: pH and carcinogenesis; benzo[a]pyrene; Na+/H+ exchanger; apoptosis; Warburg effect

1. 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 [1]. 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 [2].

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 [3].

The complete elimination of environmental chemicals, either synthetic or natural, which

contribute to the carcinogenic processes, is technically unfeasible. In this context, human exposure


http://eu-cancer.iarc.fr/

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 [4, 5], 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 [4]. 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 [6]. One key parameter for the
occurrence of several of these cancer hallmarks is intracellular pH (pH;) [7-12]. 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.

2. Generalities on the PAH family

2.1. 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 [13]. As humans are
exposed to PAHSs 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 [14-16], while inhalation would mainly result in lung tumors [17].

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 [13, 18, 19]. Thus, it has been
estimated that the median dietary intake of 3 ug /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 pg/day



depending on diet, and for smokers, the dose might be twice that of non-smokers [20]. Regarding
B[a]P, the median daily intake has been estimated in the range of 0.040-0.180 pg/day [18]. The rate
of PAH absorption by the organism depends on diverse physicochemical characteristics [21, 22]; e.g.
for lung, this rate will depend on PAH lipophilicity and the type and size of the PM they are adsorbed

onto [23].

2.2. Toxicity and action mechanisms

PAHs can exert various deleterious effects, resulting for example in teratogenesis, immune-
suppression or cancer development (see e.g. reviews [24-26]). With respect to cancer, many of these
contaminants have been defined as carcinogens. Thus, among the 16" 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 [24]. 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 PAHSs, 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. [27, 28]). 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 [29-31]. In addition, AhR has been shown to be
essential for the PAH-induced genotoxic and carcinogenic in vivo responses [32]. 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 [33, 34]. It is
worth noting that AhR has also been found to activate non-genomic pathways, notably in link to

plasma membrane [35, 36] and/or to mitochondrial location [37, 38].

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 [39-
43]. The diol-epoxide metabolites are considered to be the most mutagenic and tumorigenic, notably
through the formation of DNA-adducts [44-46]. In addition, the related ROS production may also lead
to DNA damage [47, 48], through the formation of 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG)
[39, 41, 43]. Both types of DNA damages, if not repaired, may then lead to important consequences

in terms of DNA mutations [43-46], or to activation of cell death processes [49].

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
[50]. 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 [51], notably upon
B[a]P exposure [52]. 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 [17, 53], has been observed upon decreasing extracellular pH [54].



This might be due to an impact of acidic pH on the intracellular glutathione level [55]. 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 [56]. 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 [57]. 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.

3. 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 | carcinogen) by the International Agency for Research on Cancer [58]. 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 [59, 60]. B[a]P has been described as a complete carcinogen, with

recognized effects on the different steps of the carcinogenic process, as detailed below.

3.1. 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-7,8,9,10-
tetrahydrobenzo[a]pyrene (BPDE) [33, 53]. This metabolite reacts with DNA to generate large, bulky
DNA adducts, primarily deoxyguanoside-BPDE. These stable BPDE-N2-dG DNA-adducts have thus
been found in tissues of exposed experimental animals as well as in humans, notably in lung, blood
and liver [61-64], and have been related to cancers [65]. 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 [66-69]. 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 [70].

BPDE has further been shown to induce several times more mitochondrial DNA (mtDNA)
damage compared to nuclear DNA damage [71]. 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 [72].
Another explanation might be the lack of mtDNA nucleotide excision repair [73]. 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 [74].

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]),
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and the B[a]P radical cation pathway (catalyzed by the P450 peroxidase)[75]. In this context, B[a]P
exposure can lead to the formation of DNA adducts via the production of different metabolites [76].
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 [77]. 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 DNA-
reactive themselves, they may thus result in the formation of ROS including superoxide anion (0;7),
hydroxyl radical (OH’) and hydrogen peroxide (H,03) [78], notably in cell nucleus [77]. 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 [79]; a similar increase can also be found in other

cells/tissues such as lymphocytes, liver and/or stomach [80-82].

3.2. 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 [83], thereby leading to cell cycle arrest and cell death when DNA damage is not repaired
[84-88]. However, B[a]P has also been suggested to activate p53-independent cell death processes [89],
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 [90,

91]. Furthermore, our group has previously demonstrated a role for a non-genotoxic pathway which



11

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 [92, 93]; 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 [85-88] as well as necrosis/necroptosis [90, 91, 94, 95]. 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 [86, 96-98]. The associated mitochondrial
dysfunction can in this case result from changes in expression and/or intracellular location of different
Bcl-2 family members [84, 85, 88]. Translocation of hexokinase Il (HKII) from mitochondria to cytosol

might also be involved in this dysfunction, depending on both NHE1 and p53 pathways [93, 99].

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 [88, 100].
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 [101]. With respect
to the B[a]P-induced necrosis/necroptosis, in addition to a possible involvement of some Bcl-2 family
members [90, 91], it has been shown that ROS production and lipid peroxidation [95] as well as PARP-1,
an enzyme involved in DNA repair [94], would also play a role. Regarding PARP-1, the work by Lin & Yang
[94] 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 | to IV as well as of
several enzymes of the tricarboxylic acid cycle (TCA) , was further demonstrated under those conditions

[79], which may explain the observed decrease in ATP synthesis. In contrast, other studies rather suggest
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an increase in OXPHOS as measured in mitochondria isolated from B[a]P-treated rat liver [102]. These
apparent divergent results might be due to differences in the experimental setup. In line with this,
Salazar et al. [102] 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 [72]. The mitochondrial ROS production often
results in necrosis [95], 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 [92, 93]. 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 [103]. 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 [104]. Such a lysosome permeabilization might result from ROS, as
shown in primary cultures of rat hepatocytes upon B[a]P/ethanol co-exposure [105]. Besides a caspase-
dependent apoptotic pathway, B[a]P has also been proposed to trigger a caspase-independent pathway
depending on activation of the endonuclease LEI/L-DNase Il [86]. Such an activation would be favored by

the intracellular acidification resulting from the B[a]P-induced mitochondrial dysfunction [86, 92].

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
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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 [106], 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 Hepalclc7 hepatoma
cells at early time points [84]. Burdick and collaborators [107] 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 3-

kinase 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 [108]. In this in vivo model, the same group has evidenced an
increase in the expression of survivin [108]. Such an increased expression also occurred in vitro in
hepatoma cells treated with B[a]P [109]. 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 [110]. Low doses of nitric oxide (NO) have been shown to upregulate the expression of

survivin [111]. Accordingly, we have recently found that B[a]P triggered a production of NO in the
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F258 cells which afforded some protection towards apoptosis [112]. Interestingly, compounds
blocking the NO increase, not only enhanced the B[a]P-induced cell death, but also prevented the

related mitochondrial membrane hyperpolarization [112].

Metabolic reprogramming

Mitochondrial membrane hyperpolarization has been shown to occur concomitantly to a pro-
survival metabolic reprogramming [113], and has been previously linked to carcinogenesis [114]. 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 [115]. 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 [115]; indeed, such a
pathway is known to produce anti-oxidant species such as NADPH [116, 117]. 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 [118].

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 [119] or in Caco-2
colon cancer cells [120]. In further support, it has been reported that survival of malignant cells is
partly related to hyperactivation of the Nrf2 pathway [121, 122]. Note that Nrf2 has also been
described as a regulator of the pentose phosphate pathway in cancers [123]. As a Warburg effect
often occurs during cell transformation [9-12], 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
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paralleled by the appearance of an Epithelial-to-Mesenchymal Transition (EMT)-like phenotype in

F258 cells [115]. Other cell mechanisms might also underlie the cell survival upon B[a]P exposure.

Gap junction intercellular communication

In B[a]P-treated Hepalclc7 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 [124]. 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 [125].
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 [126]. 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 [98, 127].

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 [128], lung epithelial cancer cells A549 [129], breast
carcinoma cells MCF-7 [130, 131]. Different signaling pathways have been involved in this process,
among which activation of AhR receptor, EGFR, ERK and Akt kinases, HIF1a transcription factor [128-
130, 132], and also estrogen receptor (ER) in breast cancer cells [131]. Furthermore, it has been
proposed that EGFR activation notably upon exposure to B[a]P quinones would involve superoxide
anion production [130]. 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 [133,134]; such an effect,
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which appeared to involve an AhR non-genomic pathway, has been previously associated with cell

proliferation [135].

3.3. 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 [136]. 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 uM 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 [137]. This study further indicated that, even after removal of B[a]P for 8 weeks, the E-
cadherin 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 long-
term (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 [138]. Most interestingly, this latter work further demonstrated a dose-
dependent 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, E-
cadherin and vimentin protein levels, as well as increased cell migration [115]. Regarding the
intracellular signaling underlying the B[a]P-induced metastasis, Ba and collaborators [138] observed
an involvement of the NFkB pathway in the induced migration of SMMC-7721 cells. Whether NFkB
regulates the transcription factor snail under these conditions, as previously reported [139], remains

however to be tested.
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Other signaling pathways have also been reported, notably the involvement of a ROS-
mediated p38 MAPK pathway in the B[a]P-triggered migration of HepG2 cells [140]. 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) [128]. A role for AhR has
also been previously proposed in TCDD-induced migration and invasion [141], and involves a non-
genomic, Src-kinase-dependent pathway [35]. 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 [142]. More recently, the sirtuin SIRT1, which is an histone deacetylase involved in cell
metabolism, mitochondrial biogenesis and glycolysis among others [143, 144], 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 [145]. 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 [146].

In conclusion, the data available so far suggest that B[a]P can trigger many, if not all, cancer
hallmarks, including angiogenesis [138], inflammation [147, 148], and escape to immune destruction
due to immunotoxic effects of this carcinogen [149, 150]. 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.

4. Benzo[a]pyrene and H* dynamics: a complex story
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Alterations of H* homeostasis represent an important parameter in both physiological and
pathological processes, notably in cell death [7, 151] and carcinogenesis [8-12]. 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.

4.1. Origin of NHE1-dependent alkalinization

In rat hepatic epithelial cells F258, B[a]P induced a biphasic change in intracellular pH, with
an early NHE1l-dependent alkalinization followed by an acidification which originated from
mitochondrial dysfunction [86, 92]. Interestingly, a transient alkalinization was also detected in
another hepatic cell line, that is the mouse hepatoma cells Hepalclc7 [98], as well as upon exposing
the F258 cells to the known carcinogenic PAH, 7,12-Dimethylbenz(a)anthracene (DMBA; [92]). Of
note, the bicarbonate-dependent acid extruders (such as the Na*/HCOs co-transporter) were not

found to be involved in the B[a]P-induced alkalinization [92].

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-, lipid-
and 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 [92]. The ROS
appeared to act on NHE1 not only via the MAP kinase kinase 4 (MKK4)/c-Jun kinase (JNK) pathway
[93], but also through inducing a remodeling of lipid raft nanodomains [152]. 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 [153]. A similar NHE1 exit was observed

upon B[a]P exposure not only in F258 cells [154], but also in Hepalclc7 cells (unpublished data). The
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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) [152, 154].

The NHE1 exit outside lipid rafts appeared to favor binding of calmodulin, thus leading to
activation of the transporter [154]. 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
[152]. 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 [93]. As
stated above, the MKK4/JNK pathway and calmodulin both appeared to be involved in the B[a]P-
induced NHE1 activation. However, the initial triggering mechanism and possible crosstalks between

these two pathways remain to be clarified.

4.2. 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 pro-
survival 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 [92, 93]. Interestingly, we
demonstrated that the NHEl-dependent pathway worked together with the DNA damage
response/p53-linked pathway to induce apoptosis [86, 92]. The activation of these pathways was
followed by a translocation of HKIlI from mitochondria to cytosol and hence mitochondrial

dysfunction [93]. A more detailed study demonstrated a role of the couple GSK3a/c-myc in the
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translocation of this enzyme, with a phosphorylation of GSK3a, and consequently a decrease of c-
myc expression [99]. 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 [155]. 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 [156, 157], and a reduction of this metabolism is found to result in
translocation of HKIl [158, 159]. However, in the B[a]P-treated F258 cell model, an increase in

glycolysis was rather seen [115], 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 [93]. One might then propose the existence of a protein complex comprising
NHE1, GSK3a and p53, all necessary for c-myc down-regulation [99]. In line with this, NHE1 has been
shown to form a signalplex with the kinases PI13K/Akt owing to its scaffold function via its C-terminal
tail [160, 161]; this signalplex is responsible for Akt activation [161], thus most likely allowing
GSK3a/B phosphorylation [162]. Besides, an interaction between GSK3B and p53 has also been
reported in link with apoptosis induction [163]. Taken altogether, these data will deserve further

investigation to clarify the interplay between NHE1, p53, GSK3a, c-myc and HKII.

Following targeting of HKIl 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 [86]. This latter event is likely being involved in the activation of both the
caspase-dependent and the LEI/L-DNase ll-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 [164].

NHE1 and membrane fluidity
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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 [165]. Knowing
that this increase in fluidity was involved in the iron uptake and related lipid peroxidation during
B[a]P-induced cell death [103], 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 [166]. Based upon the fact
that NHE1 bears several functions [167], whether the B[a]P-induced membrane fluidization results
from the intracellular alkalinization [168], or from its cytoskeleton anchor properties [169] 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 Il of the respiratory chain, as observed under our conditions [115]. Indeed, a
dissociation of complex Il 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 [170]. Therefore, we hypothesize a role for
pH-dependent complex Il alterations also in B[a]P-induced apoptosis. Although we observed that
NHE1 was also activated by B[a]P in Hepalclc7 cells, this activation was not involved in the related
apoptosis [98]. This discrepancy is probably due to the much higher concentration of B[a]P needed to
induce apoptosis in Hepalclc7 compared to F258 cells. At these high concentrations, the p53

pathway would be predominant due to important DNA damages. This illustrates that different
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signaling pathways are triggered at different B[a]P concentrations, thus resulting in different

mechanisms for toxicity as also reported by others [109, 171].

4.3. 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 [151]),
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) [11].
In many cancer cells, an increase in NHE1 activity has been described as participating in the reversal
of pH gradient [174]. Reshkin and collaborators [172] 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 [172]. 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 NHE1-
related 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 [92, 115]. A shift towards an EMT-like cell
phenotype was concomitantly observed, along with an increase in cell migration [115]. 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
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glycolysis increased cell death [115]. The alterations in glucose oxidation, which reflected a
dysfunction of the TCA cycle, were also prevented by cariporide [115]. 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-a 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 [175, 176].

NHE1 and energy metabolism/metabolic reprogramming

Regarding the role of pH in controlling cell metabolism, Peak and collaborators [177] 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 [178]. 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 [179]. 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 [180]. Such an impact of alkalinization on HK subcellular distribution has also previously
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been demonstrated [181]. Furthermore, an alkaline pH can affect glycolysis not only by impacting
glycolytic enzyme activities such as phosphofructokinase-1 (PFK-1) [11, 179], but also by acting on
protein-protein interactions. Of note, HKIl is known to repress OXPHOS in tumor cells via an action

on VDAC closure [182].

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 [183]. In
this context, one might suppose a role for the NHE1l 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 [184].

B[a]P-induced metabolic reprogramming in F258 cells was accompanied by an induction of a
marked acidification of the mitochondrial matrix [115]. 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 (ApHn.) 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 [11]. In F258 cells the effect
of B[a]P on ApHn seems to be responsible for the inhibition of OXPHOS [115]. In line with this, we
found that B[a]P altered complex Il 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 Il activities have been previously related to a dissociation of SDH/SQR sub-units
following matrix acidification [170]. These alterations of complex Il activity have been shown to be
associated with an increase in succinate level [185, 186], as observed under our conditions [115]. Of
note, an increase in succinate level is known to play a role in tumorigenesis, as recently reviewed

[187].
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With regard to mitochondrial matrix pH, it has been established that the proton-motive force
Ap, necessary for the functioning of the respiratory chain, depends on both ApH. and Ayn,. The
relative contribution of ApHn and Ay, to the Ap was estimated to be about 30% and 70%
respectively, suggesting that Ay, is the main component of Ap [188]. The molecule FCCP (Carbonyl
cyanide 4-(trifluoromethoxy)-phenylhydrazone), a known uncoupling agent that dissipates the
proton gradient, suppresses both ApHmn and Aym and hence Ap [189]. In contrast, the K*/H*
ionophore nigericin, which leads to an acidification of the mitochondrial matrix, suppresses ApHm
and increases Ayn, in order to maintain Ap. Taken this into consideration along with the B[a]P-
induced ApH., alterations, we suggest that the NO-dependent Ay, increase [112] might be a
compensatory response to the alterations in ApHm This would enhance the capacity of the
mitochondria to preserve, or at least reduce the impact of the carcinogen on Ap 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 [86, 92]. 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 [190], has previously been described to play a role in the regulation of mitochondrial pH in
cardiac tissue [191, 192]. Thus, mNHE1 activation leads to a proton influx into the mitochondrial
matrix [192]. 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 AWm [192]. 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
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[193]. Furthermore, low pHe has been suggested to alter several other cell processes, including DNA
repair [194], inflammatory response of tumors [195], or cell death [196]. 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.

5. 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

guestions remain to be tackled.

5.1. 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 [6], as recently reviewed by several groups [9-12]. Notably, NHE1 is capable of
promoting cell survival, through activation of the Akt [161, 197], or ERK pathways [198, 199]. This
transporter also plays a role in cell migration [200], through regulating both the formation of focal

adhesion points and extracellular matrix degradation [201, 202]. NHE1 is also involved in the
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regulation of invasiveness processes of tumors [203]. Such an action might result from the activation
of membrane channels, as demonstrated in breast cancer cells where the expression of the Na*
channels Navl.5 was responsible for the allosteric modulation of NHE1 [204]. Interestingly, in the
metastatic cell line MDA-MB-231, the co-localization of NHE1, EGFR, R1-integrin and phosphorylated-
NHERF1 in invadopodia lipid rafts has been suggested to regulate invadopodia actin cytoskeleton
dynamics/activity [205]. Moreover, NHE1 action on tumor invasiveness appeared to be based on
modulation of MMP activity [206, 207]. It appears that the action of NHE1 during the invasion
process requires a glycolytic production of ATP [208], knowing that this ATP production was found to
be localized within the invadopodia of cancer cells [209]. NHE1 has also been shown to be involved in
angiogenesis process [210], and would possibly be a regulator of inflammatory processes [211, 212].
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 [213].

5.2. 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 [86, 92, 93, 115]. 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 [160, 214]. 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 pH;) might explain its role in the B[a]P-induced cell survival related to

metabolic reprogramming.
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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 Hepalclc7 cells can shed some light on this. Indeed, like in F258 cells [154], 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
[98], but appeared to be involved in the lactate production observed under those conditions [115].
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 [153,
166]. 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 Hepalclc?
cells [127]. 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 [215] and that H* is involved in the
control of Cx43-dependent GJIC [216, 217], 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.

5.3. 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
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remodeling [152, 154]. 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 [92] as well as a
NHE1-dependent increase in lactate production [115]. 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 [218]. 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 [219,
220]. For example, a low concentration of arsenic trioxide has been shown to increase pH; as well as
proliferation in Madin-Darby canine kidney MDCK cells via NHE (likely NHE1) activation [221]. As this
metalloid contaminant can alter lipid metabolism [222], 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 [223]. Furthermore, an
upregulation of cell energy metabolism in B[a]P/arsenic-transformed lung epithelial cells has been
reported [224]. 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.

5.4. 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]P-
induced NHE1 activation via its role in membrane remodeling through the regulation of HMGCoA

reductase expression [152, 154]. Therefore, one might suppose an action of AhR on cell death and
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glycolytic reprogramming through NHE1 activation. However, a pool of mitochondrial AhR has been
evidenced, which is bound to the ATP5al sub-unit of the FOF1 ATPase [37, 38]. Interestingly,
activation of AhR by TCDD led to a mitochondrial hyperpolarization [37], similarly to what we
observed with B[a]P [112, 225]. 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 [226, 227]. The p53 capacity to regulate cell metabolism has extensively been
described, notably in the regulation of both glucose transport [228], glycolysis via TIGAR expression
[229], pentose phosphate pathway , TCA cycle, glutamine metabolism [230], or even in the control of
OXPHOS [231], by interacting with complex V [232]. However, p53 is generally given as limiting
glycolysis and improving oxidative phosphorylation [226]. 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 [233]. 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 [234, 235]. Indeed, it has been shown for example that mutant p53 can induce a
Warburg effect [235]. 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 [86, 92, 93]. Such a prevention was also found with regard to metabolic
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reprogramming, which is considered to be a survival pathway [115]. 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 [236]. 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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Figure legends

Figure 1. Metabolic reprogramming following B[a]P exposure involves the p53 pathway. (A) In
order to test the role of p53 in the glycolytic shift, F258 rat hepatic epithelial cells were pre-treated
for 1 h with pifithrin-a (PFT) (10 uM) prior to co-exposure with B[a]P (50 nM, 48 h). Following
treatments, extracellular lactate release was monitored, as previously described [114]. (B) Western
blotting analysis was performed to control the sip53 inhibitory efficiency on p53 protein level as
compared to the Non Targeting siRNA (siNT). HSC70 was used as a loading control. (C) Effects of p53
silencing using siRNA on the extracellular lactate release from B[a]P (50 nM, 48 h)-treated F258 cells.
SiNT: non targeting SiRNA; Sip53: p53 targeting siRNA. There were at least 3 to 4 independent
experiments for all conditions. *p<0.05; **<0.01; ***<0.001: DMSO vs B[a]P-treated cells, unless

otherwise quoted.
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Figure 2. Effects of NHE1 inhibition on the B[a]P-elicited epithelial-to-mesenchymal transition
(EMT), cell spreading and migration. To further investigate the role of NHE1 in the B[a]P-induced cell
phenotype modifications, F258 rat hepatic epithelial cells were pre-treated or not for 1 h with
cariporide (10 uM) prior to co-exposure with B[a]P (50 nM and 1 uM, 48 h). (A) Vimentin protein
levels were analysed by western blotting and by fluorescence microscopy. For western blotting,
HSC70 was used as a loading control. (B) Cell attachment and spreading were analysed by monitoring
impedance of the cell monolayer with xCELLigence technology, as previously described [114]. The
histogram plots the slope of cell index measured in F258 cells in presence or absence of cariporide
(10 uM), treated or not with B[a]P (50 nM). (C) Cell migration assays were monitored using
XxCELLigence technology on B[a]P (50 nM)-treated cells, as previously described [114]. The histogram
shows the effect of B[a]P on the calculated cell index normalized relative to corresponding control, in
F258 cells in presence or not of cariporide (10 uM). There were 3 independent experiments for all

conditions. *p<0.05; **<0.01; ***<0.001: B[a]P-treated cells + cariporide vs B[a]P-treated cells.
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Figure 3. Schematic diagram illustrating the contribution of NHE1 activation to the B[a]P-induced
glycolytic reprogramming in rat hepatic epithelial cell line F258. Upon B[a]P exposure, a shift from
OXPHOS to glycolysis is induced. Alterations in OXPHOS and TCA cycle might rely upon acidification of
matrix pH (pHm). The involvement of a mitochondrial isoform of NHE1 (mNHE1) in pHm acidification
might be considered. Stimulation of glycolysis which results in lactate production and extracellular
pH (pHe) acidification, is dependent on NHE1 activation as reflected by an increased intracellular pH
(pHi). A role for AhR has also been detected with regard to glycolysis that might go through the NHE1
activation resulting from AhR and H,0,-dependent membrane remodeling that involves a decrease in
HMGCoA reductase expression. Other roles for AhR might be expected, notably at the mitochondrial
level. A nitric oxide (NO) production also triggers mitochondrial dysfunction leading to membrane
hyperpolarization, and might act as a compensatory response to counteract ApH alterations
following carcinogen exposure [111]. Interestingly, p53 is also orchestrating the B[a]P-mediated
metabolic response, being involved in both glycolysis enhancement and iNOS induction. However,
the modalities of NHE1/AhR/p53 interplay remain to decipher. In total, the B[a]P-induced glycolytic
shift appears to greatly influence cell fate decision, triggering cell survival. AhR: Aryl hydrocarbon
receptor; CYP: Cytochrome P450; iNOS: inducible nitric oxide synthase; mAhR: mitochondrial AhR;
mNHE1: mitochondrial NHE1; TCA cycle: tricarboxylic acid cycle; Awym: mitochondrial membrane

potential.
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Figure 4. The cancer hallmarks shared by both NHE1 activation and B[a]P exposure. Based upon the
literature, it clearly appears that several cancer hallmarks are targeted by both B[a]P exposure and
NHE1 activation. Although it is known that B[a]P can promote inflammatory processes, poor
evidence exists regarding NHE1 [207, 208]. NHE1 activation has been shown to play a role in some of
the hallmarks elicited by B[a]P exposure (underlined font); however, a role for this transporter will

have to be tested with regards to the other hallmarks triggered by B[a]P.
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