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Abstract

Maintenance of cellular pH homeostasis is fundamental to life. A number of key intracellular pH (pHi) regulating systems including the
Na*/H™ exchangers, the proton pump, the monocarboxylate transporters, the HCO3~ transporters and exchangers and the membrane-
associated and cytosolic carbonic anhydrases cooperate in maintaining a pHi that is permissive for cell survival. A common feature of
tumours is acidosis caused by hypoxia (low oxygen tension). In addition to oncogene activation and transformation, hypoxia is respon-
sible for inducing acidosis through a shift in cellular metabolism that generates a high acid load in the tumour microenvironment.
However, hypoxia and oncogene activation also allow cells to adapt to the potentially toxic effects of an excess in acidosis. Hypoxia does
so by inducing the activity of a transcription factor the hypoxia-inducible factor (HIF), and particularly HIF-1, that in turn enhances the
expression of a number of pHi-regulating systems that cope with acidosis. In this review, we will focus on the characterization and func-
tion of some of the hypoxia-inducible pH-regulating systems and their induction by hypoxic stress. It is essential to understand the fun-
damentals of pH regulation to meet the challenge consisting in targeting tumour metabolism and acidosis as an anti-tumour approach.
We will summarize strategies that take advantage of intracellular and extracellular pH regulation to target the primary tumour and
metastatic growth, and to turn around resistance to chemotherapy and radiotherapy.
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Introduction

The regulation of the cellular hydrogen potential (pH) is a key step
that controls many vital cellular processes such as energy bal-
ance, cell proliferation and migration of all mammalian cells. The
low extracellular pH or pHout (pHo), in the range of 5.6 to 6.8, and
the rather neutral/alkaline intracellular pH (pHi), in the range of 7.2
to 7.5, are hallmarks of malignant cells [1]. Recent techniques
using nuclear magnetic resonance S1p spectroscopy for investiga-
tion into the pHi and pHo of tumours have confirmed the capacity
of tumour cells to acidify the extracellular environment and to
maintain a rather neutral/alkaline pHi [2-4]. The extracellular
acidic stress in which tumour cells evolve and adapt is a conse-
quence of poor blood perfusion, low oxygen availability, increased
metabolism of glucose and production of metabolic acids, such as
lactic acid [1, 4-9]. As the tumour develops and oxygen and nutri-
ents become limiting, a gradient of protons extending from blood
vessels to the necrotic area of the tumour is established. This so
called pH gradient is the inverse of the oxygen gradient. The lower
the oxygen level, the more protons (H™) accumulate. The amount
of H™ within solid tumours is the consequence of oncogene acti-
vation, loss of tumour suppressor activity, adaptation to hypoxia
and the ability of tumour cells to extrude acids such as lactic acid
and carbonic acid that are generated by a shift in glucose metab-
olism from oxidative phosphorylation (OXPHQOS) to glycolysis.
The master transcription factor hypoxia-inducible factor HIF, and
particularly HIF-1, induces the expression of glycolytic enzymes to
elevate the glycolytic metabolic flux for ATP generation [10, 11].
This metabolic shift is responsible for the increase in production
of metabolic acid that is regulated by ubiquitously expressed
pHi-regulating proteins in cooperation with the HIF-1-induced pHi-
regulating systems. Continual re-adjustment of the pHi is essen-
tial since a variation of 0.1 units can disrupt multiple biological
functions including ATP production, protein synthesis, cell prolif-
eration, migration and apoptosis through caspase activation
[10, 12-15]. Among the constitutively expressed plasma mem-
brane-bound transporters and exchangers, the Na™/H* exchanger
NHE-1 [16] and its isoforms [17], the vacuolar-type H*-ATPase
(V-ATPase) [18], the monocarboxylate transporters (MCTs) [19]
and HCO3 transporters and exchangers (NBCs and AEs) [20, 21]
cooperate to protect the cytosol from acidification. Moreover, in a
low oxygen environment, hypoxic tumour cells develop supple-
mental key pHi-regulating systems such as MCT4 [22] and the
membrane-associated carbonic anhydrases (CAs, EC: 4.2.1.1)
CAIX and CAXII, which restore a permissive pHi that favours cell
survival [23, 24]. It is essential to not only regulate production and
export of intracellular acid but also the acidic tumour microenvi-
ronment. Extracellular tumour acidosis is an indicator of bad prog-
nosis and has the property to facilitate tumour invasion by the
degradation of the extracellular matrix [25, 26] and to reduce
immunosurveillance by inhibiting the activity of natural killer (NK)
cells [27] and the cytolytic activity of cytotoxic T lymphocytes
[28]. Thus, acidosis promotes tumour cell migration and exerts
immunosuppressive effects that encourage tumour progression.
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Tumour acidosis has also been linked to multi-drug resistance
(MDR) due to the neutralization of weak base chemotherapeutic
drugs, which makes the drugs less efficient [29], and is also asso-
ciated with increased chromosomal instability in vitro [30]. The
difference between the pHo of normal and tumour tissue offers a
selective and specific strategy for developing new treatments for
targeting solid tumours [31, 32]. The identification of the most
pertinent pHi-regulating systems, the function of which is essen-
tial to maintain continuous and efficient production of ATP, repre-
sents a potential new anticancer approach that exploits both the
addiction of cells to glycolysis and the regulation of pH (pHi and
pHo) homeostasis. Such a strategy would block the export of
metabolic acids and thus would poison tumour cells with their
own acid. Consequently, ATP production would be compromised
and would drive the cells of the primary tumour to necrotic cell
death. Moreover, this approach would also reduce extracellular
acidification of the tumour environment that would decrease
metastatic formation and sensitize the cells to chemotherapeutic
agents. This strategy is mostly dedicated to hypoxic tumour cells,
but since a large variety of tumours are addicted to glycolysis due
to oncogenes and tumour suppressor gene mutations they may be
highly sensitive to inhibition of pHi regulation.

Intracellular pH regulation controls
energy balance and cell proliferation:
chemical and biological proof of
principle

Chemical proof of principle

Why should we be concerned about pHi levels? Human physiol-
ogy is constantly controlled by the pH, which can be either acid
(pH 1 to 6.9), neutral (pH 7.0 to 7.4) or alkaline (pH above 7.4).
Since most of the human body is water based, the pH level has
profound effects on body chemistry, health and disease. This is
illustrated in the case of mountain sickness, which is treated with
a drug that inhibits CAs. This drug modifies the blood pH but also
changes the perception of carbonated beverages in the mouth
[33]. One of the major pH-dependent reactions within prokaryotic
and eukaryotic cells concerns the cytosolic glycolytic pathway that
generates two highly energetic molecules of ATP for one molecule
of glucose consumed. The uptake of glucose and its sequestration
by hexokinase (HK, EC: 2.7.1.1) are key steps in initiating glycolysis,
which once complete satisfies the cell’s energy demands. HK1/2
catalyse the phosphorylation of glucose to glucose-6-phosphate
(G-6-P) in the presence of ATP and Mg“. This first chemical step
of the glycolytic pathway is very important for several reasons:
(/) because of its negative charges, G-6-P cannot diffuse across
the plasma-membrane and the phosphoryl group destabilizes
glucose, which facilitates glucose metabolism and then continuous
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energy production, (ii) this reaction is pH dependent, which
means that whatever the extracellular environment, strict control
of the pHi is required to access the subsequent reactions of gly-
colysis that lead to ATP production. Several studies have demon-
strated that a pH threshold controls the activity of enzymes such
as HK and phosphofructokinase (PFK) [34-36]. It should be
pointed out that the transfer of the phosphoryl group from ATP to
glucose is a nucleophilic substitution reaction that cannot occur in
a low pHi. Thus, pHi maintenance is necessary in initiating glycol-
ysis and promoting ATP formation.

Biological proof of principle: the role
of the Na*/H™ exchanger-1

Key intracellular processes such as glycolysis-dependent ATP pro-
duction and protein synthesis require close regulation of the pHi,
affecting therefore proliferation, migration, and cell survival
[12-14]. The main source of acid in the context of biological
processes concerns, so far, the direct generation of H*, or that
coming from weak acids such as lactic acid and carbonic acid
(H2C03). A variety of constitutively expressed membrane-associ-
ated systems are involved in the regulation of the pHi of all mam-
malian cells: (/) the family of growth factor-activated NHEs [16],
and the vacuolar-type H*-ATPase (V-ATPase), that requires ATP to
actively extrude two H* [18, 37, 38], (ii) the MCTs (MCT1, MCT2,
MCT4) that transport lactic acid bidirectionally [19, 39-41], (iii)
Na*-HCO3~ co-transporters (NBCs) and ClI/HCO3~ exchangers
(AEs) that, in the opposite direction to H™ extrusion, favour
HCO3  influx and thus contribute to cytoplasmic alkalinization
[42, 43], (iv) the family of carbonic anhydrases (CAs) and partic-
ularly, the cytosolic CAll, have been shown to play a key role in the
regulation of the physiological pH by catalysing the hydration of
carbon dioxide to protons and bicarbonate ions [44]. Among this
spectra of coexisting pHi-regulating systems, the first evidence
that pH regulation is a key process in mammalian growth control
was demonstrated through the study of NHE-1, the first identified
molecularly member of a large family [16]. Nine isoforms of NHEs
(NHE-1 to NHE-9) have been identified but only NHE-1 to NHE-3
have been well characterized. NHE-1 is ubiquitously expressed,
while NHE-2 and NHE-3 are found in the kidney and the gastroin-
testinal epithelium [45-48]. NHE-4 and NHE-5 are restricted to the
gastrointestinal tract and the brain, however little is known about
their function [49]. Isoforms NHE-6 to NHE-9 are localized to sub-
cellular organelles [50-52]. The amiloride sensitive and growth
factor-activated Na*/H* antiport NHE-1 has been actively studied
in our laboratory [53]. It is activated by all mitogens, integrins and
oncogenic transformation [53]. NHE-1 is activated by intracellular
H* at an allosteric modifier site and extrudes H against entry of
Na™. Growth factors increase the affinity of this H modifier site
leading to a persistent increase in the pHi (0.2 to 0.3 pHi units
more alkaling) [53]. In non-neoplastic Chinese hamster lung
fibroblasts expressing endogenous NHE-1, NHE-2 and NHE-3, the
H*-suicide technique [13], which consists in delivering a massive
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Fig. 1 pHi recovery after an acid-load (ammonium pre-pulse) in CCL39
wild-type (CCL39-wf) or mutant cells lacking NHE-1 (CCL39-nhe-1").
Exponentially growing non-neoplastic Chinese hamster lung fibroblast
CCL39 cells seeded on glass cover slips were incubated for 30 min. in glu-
cose/saline solution bicarbonate-free, HEPES-buffered solution adjusted to
pHo 7.4. The pH-sensitive fluorescent dye 2',7’ bis (carboxyethyl)-5-(6)-
carboxyfluorescein (BCECF-AM) was then added to the cells for 5 min.
before transfer of cells to a laminar flow cell chamber perfused with the
same solution. Cells were maintained for 10 sec. and then a NH4Cl solution
(NH4™) that causes alkalinization (ammonium pre-pulse) was added. The
cells were shifted to a pHo 7.4 Na*/NH4Cl-free solution (0 mM Na™)
(containing choline chloride instead of NaCl), which causes intracellular
acidification due to extrusion of NH3 while preventing exchanger activity.
Re-introduction of Na* (120 mM Na™) allowed for exchanger activity.
Ratiometric measurement of the fluorescence of 50 randomly selected
individual cells per cover slip was performed in a workstation
(Acquacosmos). The pHi was estimated by in situ two-point calibration
(pHo 6.6 to 7.6) with perfusion of glucose/saline KCl/nigericin containing
solutions to measure the pHi as a function of the fluorescence ratio.

acid load into cells through a NHs™ pre-pulse, demonstrated the
high potential of NHE-1 in regulating the pHi in acidic conditions,
based on the rapid recuperation on the pHi values permissive with
cell survival (Fig. 1). These observations, on the potential of NHE-1
to maintain the pHi do not only concern normal cells but also
tumour cells, as we found for colon carcinoma LS174Tr cells and
cervix carcinoma Hela cells (data not shown). In contrast, mutant
cells lacking NHE-1 do not recover their pHi after an acid-load and
die within 1 hr as a result of persistent acidification (Fig. 1). This
tight regulation of the pHi is a mitogenic signal for the control of
cell growth. Previous studies have reported that the regulation of
the pHi viathe NHE-1 system constitutes a limiting step for growth
factor stimulated ribosomal protein S6 phosphorylation [54],
which points to protein synthesis as a pH-sensitive process. These
data support the idea that Na™-dependent extrusion of H* via the
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Fig. 2 Role of NHE-1 in the control of energy metabolism, pH regulation and
nude mice tumorigenicity. Tumour incidence in nude mice of the hamster
lung cell lines derived from CCL39 cells. Parental hamster lung fibroblasts
(wf), mutant cells impaired in respiration (res ), mutant cells impaired in
glycolysis due to a lack of phosphoglucose isomerase activity (gly ), mutant
cells lacking NHE-1 activity (nhe-1") and mutant cells lacking both functions
res nhe-1~ and gly  nhe-1", were transformed with the H-ras oncogene
and inoculated (1 x 106 cells/mice) by subcutaneous injection into athymic
nude mice. The combination of a defect in pHi regulation through mutation
of nhe-1 (nhe-1") or of high glycolysis (res ) resulted in transient tumour
take (percentage of tumour bearing mice represented by dotted lines) but
which regressed substantially. The full line shows the final tumour take.
Combination of exacerbated glycolysis and a defect in pHi regulation through
nhe-1 mutation (res  nhe-1") resulted rarely in tumour take.

activation of NHE-1 is a key event in the mechanism of action of
growth factors. Although a rise in the pHi is not mitogenic per se,
it has been demonstrated that its increase, above a critical thresh-
old value of pHi 7.2, is a prerequisite for growth factor-stimulated
quiescent cells to progress into the cell cycle [55]. However, in
response to growth factors, quiescent mutant fibroblasts lacking
NHE-1 activity fail to increase their pHi and to reinitiate DNA syn-
thesis at an acidic pHo [13]. These data clearly demonstrate that
reinitiation of DNA synthesis is a highly pHi-dependent process.
H-ras-transformed stable mutants of originally non-neoplastic
Chinese hamster lung fibroblasts impaired either in respiration
(CCL39-res ) orin glycolysis (CCL39-gly ) or in the NHE-1 activ-
ity (CCL39-nhe-1") were obtained from the parental cell line
CCL39-wtto study the control of the pHi on tumour incidence [13,
56]. Mutant cells lacking NHE-1 (CCL39-nhe-1") formed tumours
less frequently than the wt cells 10 days after transplantation in
nude mice [57]. Once they make tumours, 80% of these tumours
lacking NHE-1 activity regress [58] (Fig. 2). Human bladder carci-
noma MGH-U1 cells deficient in NHE-1 activity also failed to form
spheroids in culture, and the few tumours that were obtained after
in vivo implantation were revertants that recovered NHE-1 activity
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[59]. CCL39-res (respiration negative) mutants consume almost
no oxygen and secrete around three times more lactic acid than wt
cells. Thus, this mutant relies only on glycolysis to survive and
has a low frequency of tumour take (75%) with apparition after
8 to 9 weeks after injection to mice and a low in vivo proliferation
rate. In addition, some of these tumours when formed showed a
high frequency of regression (80% of regressed tumours) (Fig. 2).
These observations were attributed to the high amount of lactic
acid they produce in addition to the high demand of glucose that
could be unsatisfied when they reached a threshold size [60]. The
CCL39-gly  (glycolysis negative) mutant deficient in phosphoglu-
cose-isomerase activity, do not produce lactic acid but consume
more oxygen than wi cells and 100% of the mice slowly developed
tumours 4 to 5 weeks after inoculation. This suggested that lactic
acid production via glycolysis is not the only cause of extracellu-
lar acidosis within solid tumours [60-62] and that carbonic acid
may be highly involved in acidosis of the tumour microenviron-
ment. Moreover, to study the contribution of NHE-1 activity in the
context of tumour growth of this ‘metabolically’-mutated cell, dou-
ble mutants gly  nhe-1 or res nhe-1 were generated from the
individual gly  or res  mutants, respectively [58]. As early as in
the 1980s, the authors suggested that the lactic acid produced by
the cells was the main cause of cell death when NHE-1 was
mutated [58]. To validate this hypothesis, the double mutant
res” nhe-1 never gave rise to tumours since the large amount of
lactic acid produced by this mutant could not be regulated by
NHE-1 (Fig. 2). As a control for no lactic acid production during
tumour development, the double mutation gly  nhe-1 gave
100% tumour-bearing mice meaning that the function of NHE-1 is
not necessary for cells producing almost no lactic acid (Fig. 2).
These striking and interesting results proved that the pHi-regulat-
ing system NHE-1 plays a key role in in vivo growth and validate
the hypothesis that targeting the pHi-regulating system of highly
glycolytic cells may be a novel and efficacious anti-tumour strat-
egy since tumour cells maintain their energy demand by shifting
their glucose metabolism from OXPHQOS to aerobic glycolysis or
anaerobic glycolysis (due to oncogene activation, loss of tumour
suppressor genes, or hypoxia itself).

In previous studies, all the in vitro experiments performed to
highlight the role of NHE-1 in pHi regulation were monitored in the
absence of extracellular bicarbonate to limit the involvement of
anion exchangers. The existence of additional pHi-regulating
mechanisms, such as the Na™-dependent HCO3~/Cl~ exchanger
have been identified [63]. In a bicarbonate-buffered medium, the
growth and pHi of fibroblasts was not affected by the inhibition of
NHE-1 (methyl, ethyl-amiloride analogues), suggesting the impli-
cation of HCO3 ™ transporters. Ina HCO3 ™~ containing medium, the
Na*-dependent HCO3/Cl~ exchanger was shown to have two
essential physiological functions in cells lacking NHE-1: (/) it pro-
tects the cells against excessive cytoplasmic acidification and (i)
establishes a steady-state pHi that is permissive for growth, in a
neutral and slightly acidic pHo environment.

These studies have shown that: (/) unchecked regulation of the
pHi interrupts many cellular enzyme activities and functions such
as energy production, protein synthesis, cell cycle entry, and DNA

© 2009 The Authors

Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



damage repair, which will ultimately impair tumour growth, (i)
NHE-1 is a key pHi-regulating system in mammalian cells since no
other system was able to recover in the absence of NHE-1 in
CCL39-nhe-1" cells after an acid-load (Fig. 1) and its mutation
has a notable effect on tumour growth evolution and tumour
regression. Thus, the challenge is to target pHi-regulating sys-
tems, particularly in the context of tumour growth. This requires
investigation of the function of the different plasma membrane
systems related to pH homeostatsis in tumour cell lines. Once the
main tumour pHi regulators are identified, their inhibition would
lead to a decline in ATP formation as a consequence of lactic acid
accumulation, thus causing metabolic deficiency and cell death.
Many studies have been performed in the last 20 years with the
aim of understanding tumour pH regulation, metabolic reprogram-
ming and aggressiveness, which results from oncogene activation
and hypoxia, and of identifying the key targets involved in
metabolic adaptation.

Oncogene activation and
transformation cause acidosis

Hyper activation of oncogenes and inhibition of tumour-suppressor
genes are considered to be essential in the initiation of tumorigen-
esis [64]. A strong correlation has now been established between
such genetic transformation, glucose addiction, ATP maintenance
and lactic acid production in an aerobic environment.

Warburg effect (aerobic glycolysis)

In the 1920s, the pioneering investigations of the Nobel Prize win-
ner Otto Warburg revealed that in contrast to normal differentiated
cells, which rely primarily on mitochondrial OXPHOS to generate
ATP, tumour cells have a high rate of glycolysis in conditions of
high oxygen tension (aerobic glycolysis) [65]. This phenomenon
also called the ‘Warburg effect’, gives rise to increased lactic acid
production and glucose uptake, which are now known indicators
of tumour aggressiveness and poor patient prognosis [66]. Based
on the observation of ‘glucose addiction’ of tumour cells, positron
emission tomography (PET) has been developed to measure the
in vivotumour glucose capture with a non-metabolizable analogue
of glucose, the fluorine-18 deoxyglucose (FDG) and to clinically
characterize patients’ tumours and metastases. An example of an
image obtained with this clinical procedure is illustrated in a
patient with lymphoma in a review by Gatenby and Gillies [6].
However, the ‘Warburg effect’ is not applicable to all cancers [67].
The contradiction resides in the fact that the catabolism of glucose
to lactate generates only two ATP molecules per molecule of glu-
cose consumed, whereas complete OXPHOS leads to 36 ATP mol-
ecules per glucose molecule. The challenge was to understand
why proliferating cells metabolize glucose to lactate through aero-
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bic glycolysis that causes acidosis, rather than more efficient ATP
production through mitochondrial OXPHOS. Although aerobic gly-
colysis is an inefficient way of synthesizing ATP it is the quickest
way of producing ATP. It is suggested that cancer cells have
increased metabolic autonomy leading to extracellular acidifica-
tion of the tumour microenvironment, and the acquisition of a
more invasive phenotype [68]. More than 60 years later,
Warburg’s observations have been resurrected. Although com-
plex, key aspects and related signalling pathways have been eluci-
dated with the aim of linking the Warburg theory to mechanisms
of metabolic reprogramming of cancer cells. Warburg thought that
a defect in mitochondrial respiration was the cause of the shift to
glycolytic metabolism [65]. However, more recently, Thompson
and colleagues, and other groups have not linked the Warburg
effect directly to a mitochondrial defect, but to oncogenic activa-
tion and mutation in the signalling pathways that regulate glucose
uptake [69]. Together, the activity of the phosphatidylinositol
3-kinase (PI3K), the serine/threonine Akt and the mammalian
target of rapamycin pathway (mTOR) (PI3K/Akt/mTOR pathway)
and the effects of the transcriptional activation of c-Myc or of
HIF-1 participate in the glycolytic metabolic shift.

Inhibition of tumour suppressor genes and
oncogene activation drive the ‘Warburg effect’
and cause acidosis

The tumour suppressor p53 has been shown to decrease the
activity of glycolytic enzymes such as phosphoglycerate mutase
[70] and to inhibit glycolysis through the induction of TIGAR, a
regulatory protein for p53-induced glycolysis and apoptosis that
modulates the levels of fructose-2, 6-bisphosphate [71]. p53 also
directly regulates the expression and activity of synthesis of
cytochrome ¢ oxidase 2 (SCO2) that is required for the formation
of the mitochondrial cytochrome ¢ oxidase complex (COX), which
is involved in the electron transport chain of mitochondrial respi-
ration [72]. However, a variety of tumours often mutate or lose
p53 to ensure their replicative potential. Thus, p53-deficient
tumour cells can directly contribute to the ‘Warburg effect’
through aerobic glycolytic compensation accompanied by
increased lactic acid production.

The binding of growth factors to their receptors leads to acti-
vation of the PI3K/Akt/mTOR pathway. In some cancers, this path-
way is constitutively active due to PI3K constitutively active muta-
tions or inactivation of the tumour suppressors phosphatase and
tensin homologue deleted on chromosome ten (PTEN) and tuber-
ous sclerosis complex (TSC1 or TSC2). Activation of the
PI3K/AKT/mTOR pathway increases the expression of nutrient
transporters (glucose, amino acids) at the cell surface [73]. Akt
activation increases glycolysis through increased expression of
HIF-1a, as discussed later, leading to increased expression and
activity of glycolytic enzymes [10]. Thus, Akt activation is suffi-
cient to explain in part the ‘Warburg effect’ [69, 74, 75] that leads
to acidosis of the tumour environment. Other oncogenes such as
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active Ras can increase glycolysis by activating PI3K and promot-
ing accumulation of the « subunit of the transcription factor HIF-1
and lactic acid production, as discussed below [76]. The onco-
genic transcription factor Myc has been proposed to regulate the
metabolic activity required for G1/S transition. Indeed, Myc
increases expression of many metabolic and glycolytic enzymes,
such as LDH-A as well as several enzymes required for
nucleotides synthesis and ATP production [77, 78]. Thus, onco-
genic transformed cells become addicted to glycolysis for ATP
production. Myc not only regulates glucose metabolism but also
activates glutaminolysis, as demonstrated recently [79].
Glutamine plays a key role in cell viability and proliferation [80]
and some tumours of patients have been reported to be ‘glutamine
addicted’ [81, 82]. Thus, Thompson and colleagues have shown
that Myc is also required in order to ensure glutamine uptake even
in the presence of glucose [79]. Myc expression leads to an
increase in the expression of glutamine transporters, glutaminase
and LDH-A. This intermediate metabolism regulated by Myc is
required to maintain mitochondrial tricarboxylic acid cycle (TCA)
cycle integrity. Glutaminolysis is a source of the electron donors
NADPH, an important molecule required to satisfy the energy
demands of cell proliferation [83]. Glutaminolysis confers on Myc
the ability to be glucose-independent for NADPH production.
Finally, the production of a high amount of intracellular lactic acid
that is the consequence of aerobic glycolysis, causes acidification
of the extracellular milieu due to the action of multiple proton-
extruding enzymes and transporters that are regulated by onco-
genic transformation, as seen in the next section.

Neoplastic transformation drives intracellular
alkalinization and extracellular acidification
through the activation and up-regulation

of pHi-regulating systems

There are two biochemical phenomena common to all tumour
cells: the shift to glycolytic metabolism and cellular alkalinization
in spite of the large amount of intracellular produced lactic acid.
Intracellular alkalinization results from the activity of membrane-
bound transporters. Expression of oncogenic c-H-Ras leads to
cytoplasmic alkalinization by activating NHE-1 and Na*-dependent
HCO3 /Cl™ exchangers even when in the presence of extracellular
bicarbonate [84]. The importance of pHi regulation in cellular
transformation has been shown by ectopic expression of the
plasma membrane V-ATPase in fibroblasts. V-ATPase expression
led to tumorigenic transformation and intracellular alkalinization
[85, 86]. To better understand the link between pHi control and the
induction of cellular events that lead to malignant transformation,
recent studies have focused on NIH3T3 cells and human HPKIA
keratinocytes, which express the HPV16 E7 oncoprotein [87]. For
both cell lines, E7 transformation induced cytoplasmic alkaliniza-
tion driven by stimulation of NHE-1 expression and activity via an
increase in the affinity of the intracellular NHE-1 proton regulatory
site [87]. These authors concluded that this step is an early and
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essential physiological event that is necessary for the develop-
ment of other transformed phenotypes and for in vivo tumour
formation in nude mice. The mechanism, by which HPV16
E7-dependent transformation activates NHE-1 in pHi regulation
and thus transformation, has been elucidated recently. Activation
of NHE-1 by the E7 oncogene is driven by PKA-dependent phos-
phorylation of RhoA, a small G-protein, and leads to inhibition of
p38 MAPK and a cellular rise in cAMP [88].

Hypoxia promotes acidosis by shifting
from oxidative phosphorylation to
glycolytic metabolism

As tumour cells develop, the supporting vasculature is often lim-
iting, disorganized and not functional, which leads to insufficient
irrigation of tissues and thus to a deficient supply in oxygen
(hypoxia) and nutrients. There are two factors that are always
strongly associated with malignancy, no matter what the onco-
gene mutation present: acidic pH and lack of oxygen. One of the
principal mechanisms driving the tumour glycolytic shift in
hypoxia (low oxygen availability) and the resulting acidosis is
increased transcription. Stabilization of HIF-1a and subsequent
dimerization with HIF-1R8 leads to transcriptional activation of an
arsenal of genes involved in oxygen sensing, decreased respira-
tion, erythropoiesis, angiogenesis, glycolytic metabolism, pHi and
pHo regulation, autophagy (cell survival), migration and invasion
[11] (Fig. 3). Thus dynamic cycles of hypoxia/reoxygenation, i.e.
of respectively survival/proliferation states make tumour cells
more aggressive [89]. Moreover, in the context of solid tumour
progression, hypoxia is associated with bad prognosis and resist-
ance to radio- and chemo-therapy [11].

HIF mediates cellular adaptation
to low oxygen availability

Hypoxia is not only a pathological event (ischemia, atherosclero-
sis, psoriasis, diabetes, Alzheimer’s disease, inflammatory disor-
ders and cancer) [90] but also occurs in physiological situations
during embryonic development and is mediated by the activation
of HIF. HIF is a heterodimeric complex that is composed of an
oxygen-dependent «-subunit and a constitutively expressed non
oxygen-dependent B-subunit. Three isoforms of the «-subunit
(HIF-1, HIF-2«, HIF-3a) and two isoforms of the B-subunit
have been described to contribute to the in vivo response to
hypoxia [91, 92]. The transcriptional activation of HIF requires
the post-translational stabilization of the «-subunit. This means
that the oxygen concentration does not impact on hif-« mRNA
levels, but on HIF-a protein post-translational stability. Under
normoxic conditions (>5% 02), the half-life of HIF-« is less than
five minutes [93]. The rapid post-translational degradation of
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Fig. 3 HIF-1 mediates microenvironmental changes and cellular adaptation
to tumour hypoxia. After translocation to the nucleus, dimerization of HIF-
1a with the constitutive HIF-18, forms an active transcription factor that
only exists in a low oxygen tension (hypoxia). Heterodimerization and DNA
binding involve interaction between the N-terminal basic-helix-loop-helix
(bHLH) and PerArntSim domains. HIF-1 binds hypoxia responsive ele-
ments (HRE) in target genes and activates the transcription of genes
enhancing adaptation and cell survival in a hypoxic environment. These tar-
get genes play key roles in oxygen sensing via the prolyl hydroxylases 2
and 3 (phd2, phd3), in decreased mitochondrial respiration through the
induction of pdk7, in erythropoiesis (epo), in angiogeneisis via the expres-
sion of vascular endothelial growth factor (vegf), angiopoietin 2 (ang2),
interleukin 8 (il8), in increased glycolytic enzymes as for example glucose
transporters (glut-1), lactate dehydrogenase-a (/dh-a), in pHi and pHo reg-
ulation with HIF-1 induction of the carbonic anhydrase 9and 12 (ca9, ca12)
and the mct4, in autophagy triggered by Bcl-2/adenovirus EIB 19-kD inter-
acting protein 3 (bnip3) and bnip3l, and in migration/invasion mediated by
HIF induction of matrix metalloproteinase 2 (mmp2) .

HIF-a involves two key molecules, oxygen and a Krebs cycle
intermediate 2-oxoglutarate (2-0G), which are the substrates of
the three major oxygen sensors of the Fe(ll)-dependent dioxyge-
nases family also called the prolyl hydroxylase domain (PHD)
proteins [94]. Hydroxylation by PHDs on two proline residues
Pro402 and Pro564 in the oxygen-dependent degradation
domain (ODDD) of human HIF-1« leads to interaction with the
ubiquitin E3-containing ligase von Hippel-Lindau (VHL), which
attaches polyubiquitin chains to HIF-1« that initiates its recogni-
tion and degradation by the proteasome [95]. In case a pool of
HIF-o escapes PHD hydroxylation and proteasomal degradation,
another oxygen sensor termed factor inhibiting HIF (FIH) main-
tains HIF-o in an inactive state. FIH is a dioxygenase, which
catalyses asparaginyl hydroxylation (Asn803 in HIF-1a) in the
C-terminal transcriptional activation domain (C-TAD) of HIF-1«
and HIF-2« [96]. This post-translational modification impairs the
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interaction between the C-TAD and the coactivator p300/CREB
binding protein (CBP) [97, 98]. Other post-translational modifi-
cations of HIF-1a can occur and might act to modify the
stability and the activity of HIF. These include phosphorylation,
SUMOylation and S-nitrosylation, as extensively reviewed [99,
100]. As the oxygen level decreases, which establishes a hypoxic
gradient, the half-life of HIF-« increases (60 min.), since the oxy-
gen-dependent enzymes PHDs and FIH progressively become
inactive [101]. The HIF-« protein is consequently stabilized and
translocates into the nucleus as a result of the presence of a
nuclear localization signal in its C-terminal region [102]. Once in
the nucleus, HIF-« heterodimerizes with HIF-g and HIF binds to
hypoxia response elements (HRE) in target genes (Fig. 3). HIF
transcriptional activity is not only enhanced in response to
hypoxic stress but also as a result of oncogene activation,
including that of Ras, Raf, PI3K, Akt, mTOR, Myc or the loss of
tumour suppressor genes such as p53, ING4, PTEN and VHL [11,
103-105]. Viaits two TAD located in the N-terminal (N-TAD) and
C-terminal (C-TAD) regions, HIF controls even as much as 5% of
the human genome [106]. Through induction or repression of
genes and corresponding proteins, HIF assists hypoxic cells in
surviving and adapting to a low oxygen environment [11, 107].
HIF-induced genes are involved in oxygen sensing (phd2, phd3),
reduced respiration (pdk7), erythropoiesis (epo), angiogenesis
(e.g. vegf, ang2, il8), glycolytic metabolism (e.g. glutl, hk2,
pgk1, Idh-a), pH homeostasis (e.g. ca9, ca12, mct4), autophagy
(e.g. bnip3, bnip3l), migration (e.g. mmp2), among others [11]
(Fig. 3). Thereby HIF reinforces tumour growth and promotes
metastasis in a drastic acidic environment deprived of oxygen
and nutrients. HIF-1a and HIF-2« may have either distinct target
genes or overlap in the activation of some genes [108, 109]. Little
is known about HIF-3«, which can act as a dominant negative of
HIF transcriptional activity [110].

HIF-induced metabolic reprogramming in
response to tumour hypoxia causes acidosis

Since mitochondria consume the majority of the cell’s oxygen dur-
ing OXPHOS, which leads to production of high levels of ATP, they
have been proposed as candidates in cellular oxygen sensing
[111]. Mitochondria also produce damaging reactive oxygen
species (ROS), such as H202 and superoxide anions, and some
studies have shown an increase in ROS production in hypoxia at
the electron transport chain with subsequent stabilization of HIF-a
[111]. However, the mechanism of stabilization remains contro-
versial [112] and may implicate inactivation of the PHD activity by
ROS [113] or TCA intermediates [114]. Little information is avail-
able concerning the impact of ROS on pH homeostasis. ROS pro-
duction by articular chondrocytes, which are normally exposed to
relatively low levels of oxygen due to the lack of contact with the
vasculature, was reported to be decreased in hypoxia possibly by
depolarization of the mitochondrial membrane potential. In addi-
tion, less ROS correlated with reduced activity of NHE and the
inability of the cells to regulate their pHi [115]. However, studies
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Fig. 4 Diagram of the glycolytic pathway. Glycolysis produces two ATP
molecules from one glucose molecule consumed. The expression of many
of the genes coding for enzymes of the pathway are HIF-1-induced (and
oncogenes-induced); including HK1/2, phosphoglucose isomerase, PFK,
aldolase, PGK1, phosphoglycerate mutase, enolase, pyruvate kinase
(M2-PK) and the lactate dehydrogenase-a (LDH-A). NAD" recycling is of
capital importance for ATP generation. Glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH).

into pulmonary arterial myocytes showed that the expression and
activity of NHE-1 was enhanced in hypoxia [116], but no implica-
tion of ROS was investigated.

In most cases, in hypoxia, HIF-1 compromises oxygen consum-
ing OXPHOS by inducing the expression of pyruvate dehydrogenase
kinase-1 (PDK1), which inhibits mitochondrial pyruvate dehydroge-
nase (PDH), the enzyme that converts pyruvate into acetyl-CoA. In
non-hypoxic tissues, acetyl-CoA enters the TCA cycle to produce
NADPH and 5,10-methylenetetrahydrofolate reductase (FADH2),
which are essential for mitochondrial respiration [117, 118]. HIF-1
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also impacts on OXPHOS by transcriptionally activating the
cytochrome ¢ oxidase (COX) isoform COX4-2 and the mitochondr-
ial protease LON that degrades another isoform COX4—1, which
optimizes mitochondrial respiration in a low oxygen environment
[119]. Thus in hypoxia, COX4-2, which is more efficient than
C0X4-1 in oxygen utilization, allows hypoxic cells to exploit more
efficiently low available oxygen levels and avoid production of ROS.
However, as mentioned above, since global OXPHOS is reduced,
hypoxic cells are forced to enhance anaerobic glycolysis in order to
maintain the production of ATP for cell survival. HIF-1 increases the
expression of glucose transporters (GLUT-1 and GLUT-3) to
increase glucose capture and induces the expression of down-
stream glycolytic enzymes such as HK2, phosphoglycerate kinase
(PGK1), LDH-A [11, 120] (Fig. 4). In addition, oncogenes such as
Myc and the activation of the PI3K pathway also contribute to HIF-
1« accumulation and thus promote aerobic glycolysis by induction
of HK2, LDH-A and PDK1 [121]. HIF-1-mediated metabolic repro-
gramming redirects pyruvate to the cytosolic enzyme LDH-A, a HIF-
1-targeted gene that catalyses the conversion of pyruvate into lac-
tate [122]. The knockdown of LDH-A suppresses lactic acid
production under both normoxic and hypoxic conditions and stim-
ulates mitochondrial respiration, which strongly compromises in
vitro cell proliferation in hypoxia. The reduction of pyruvate into lac-
tate by LDH-A, in the presence of NADH, is the key reaction that
regenerates oxidized NAD " required to ensure continuous glycoly-
sis and ATP production (Fig. 4). Since only a low level of NAD ™"
exists in cells it has to be regenerated. Thus, the effect observed in
LDH-A-silenced cells is attributed to the inability of cells to regener-
ate NAD™ and to produce ATP. Mouse breast cancer LDH-A deficient
cells orthotopically transplanted into the mammary gland of mice
show a substantial delay in tumour take and a reduction in the
tumour growth rate [122]. This study reinforced the idea that
manipulating hypoxic tumour metabolism by targeting specific HIF-
induced glycolytic enzymes could participate in bringing about a
metabolic deficiency through an indirect block in ATP production
[10, 123]. When HIF-1-induced LDH-A is fully active, pyruvate is
converted to lactic acid that tumour cells must dispose of in order
to maintain pHi levels and associated biological functions. However,
hypoxic acidosis is not only due to increased lactic acid but also to
diminished vascular dispersion of CO2 [124]. In addition to the
ubiquitously expressed pHi-regulating systems such as NHE-1 and
MCT1 that export acid, and AEs, and NBCs, that trap intracellular H*
by transporting HCO3 ', HIF-1 induces specific genes dedicated to
pH homeostasis to ensure a pHi value that is permissive with cell
survival and energy maintenance. Hypoxic tumour cells also
express the HIF-inducible membrane-associated CAIX and CAXII
that catalyse the hydration of extracellular CO2 into H* and HCO3~
ions. Through this simple reaction CAIX and CAXII regulate tumour
pH in contributing to acidification of the tumour environment [125,
126] and alkalinization of the cytoplasm [24, 127]. The former
action favours invasion and metastasis while the latter maintains
cell proliferation and survival. MCT4 is up-regulated in hypoxia and
cooperates with the constitutive MCT1 in extruding the huge
amount of lactic acid that is generated [22].
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Acidosis may affect HIF-« stahilization
and HIF-induced gene regulation

It has been proposed that extracellular acidosis may also modu-
late HIF-1« stabilization by protecting HIF-1« from proteasomal
degradation [128]. In this interesting study, extracellular acidifica-
tion led to the nuclear relocalization of VHL, a component of the
HIF-1a ubiquitin ligase complex. However, the mechanism is still
not clear and results from our laboratory do not concord with
these findings, as also published recently by another group [129].
Moreover, little is known about how hypoxia-induced acidosis is
related to the in vivo adaptive phenotype of cancer cells. An
in vitro acidic pHo gave an increase in HIF-1-induced expression
of angiogenic interleukin 8 (IL-8) and vascular endothelial growth
factor (VEGF) [130-132]. More recently, the stimulation of the
production of angiogenic IL-8 by a low pHo has been associated
with activation of NF-xB and the p38 MAPK pathways [133],
which are known, respectively, to enhance transcription and trans-
lation of HIF-1a [134, 135]. SNAIL, a HIF-1 target gene that is
implicated in metastasis and epithelial-mesenchymal transition
(EMT), was overexpressed in tumours of mice injected with
melanoma cells first exposed to acidosis and then transferred to a
neutral environment before injection [136, 137]. This suggests
that many of the changes linked to hypoxia are also triggered
by acidosis.

Hypoxia enhances the expression and
activity of pHi-regulating systems to
promote cell survival and invasion

Despite a low pHo, the pHi of tumour cells is maintained around
neutral values or even slightly more alkaline. This has been
reported to result from HIF-mediated up-regulation of plasma
membrane transporters, exchangers, pumps and enzymes that are
involved in pH homeostasis.

Hypoxia increases NHE-1 expression and activity

Exposure of pulmonary arterial smooth muscle cells to chronic
hypoxia was shown to increase the pHi compared to that in
normoxia [138]. This result was obtained in the presence of extra-
cellular bicarbonate, but the effect was more obvious in HEPES-
buffered bicarbonate-free media. Chronic hypoxia-induced intracel-
lular alkalinization correlated with an increase in the H™ efflux, as a
result of nhe-1 up-regulation at both the mRNA and protein levels,
and with enhanced NHE-1 activity, while expression of nhe-2 and
nhe-3 was not modified in chronic hypoxia. A more recent study,
suggested that the promoter region of the nhe-71 gene might have
a candidate binding site for HIF-1a [116], but full characterization
of the HRE is still missing. Based on the previous study, the
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authors tested, in pulmonary arterial smooth muscle cells, the
hypothesis that hypoxic induction of nhe-7 and a consequential
pHi increase, are mediated by HIF-1. hif-1a™" and hif-1a™~
mice were exposed to a normoxic or chronic hypoxic environ-
ment. The chronic hypoxia-induced increase in the pHi was
reduced in pulmonary arterial smooth muscle cells isolated from
hit-1a~ mice, which are partially deficient in HIF-1«, compared
to hif-1a™'* cells. This result correlated with inhibition of chronic
hypoxia-induced nhet expression (mRNA and protein) and thus
with a reduction in the NHE-1 activity in cells of hif-1a™~ mice.
Moreover, overexpression of HIF-1a in pulmonary arterial smooth
muscle cells in normoxia resulted in an increase in NHE-1 protein
expression and activity, which was sufficient to increase the basal
pHi. However, a direct correlation between HIF-1a and NHE-1
transcription is still missing and requires further investigation.
Results from our laboratory did not detect hypoxic induction of
nhe-1, neither at the mRNA nor at the protein level in a variety of
human tumour cell lines (data not published). However, Gatenby
and colleagues showed higher NHE-1 expression in central
hypoxic regions of ductal carcinoma in situ [139]. Yet the NHE-1
activity was enhanced in hypoxia, since hypoxia generates a high
amount of acid, which is known to activate NHE-1. Many studies
have also clearly reported the impact of the NHE-1 activity on
tumour cell migration and invasion in human breast carcinoma
[140], and human melanoma cells [141, 142]. However, a strict
demonstration of an increase in expression of NHE-1 in vitro in
human tumour cell lines has to be clarified. In addition, NHE-6, a
protein localized in subcellular organelles was reported to be reg-
ulated by hypoxia in renal cell carcinoma (RCC) [118]. However,
using the same cell line and the same experimental conditions we
were unable to reproduce this data (data not shown).

The hypoxia-induced membrane-associated
carbonic anhydrases are key enzymes involved in
pH homeostasis, cell survival and migration in a
hypoxic/acidic microenvironment

The CAs are a family of zinc metalloenzymes that reversibly catal-
yse the hydration of cell-generated CO2 to H* and HCO3™ ions
[143] (Fig. 5). Thirteen active and three inactive isoforms of CAs
are expressed in mammalian cells. The active isoforms contain a
conserved active site and variable levels of expression and activ-
ity. They differ in their tissue distribution and cellular localization.
CA isoforms such as CAIV, CAIX, CAXII, CAXIV are plasma-mem-
brane localized and have been identified to possess an extracellu-
lar catalytic site (Fig. 5). The mature CAIX protein is a unique
member among the CAs since it contains a proteoglycan-like (PG)
domain, a CA domain (CA), a small transmembrane domain (TM)
and a short intracellular C-terminal tail (IC) [144]. In contrast CAXII
and the other CAs as the cytosolic CAll lack the PG-like domain
(Fig. 5). In multiple epithelial tumour types, only the expression of
the membrane-associated CAIX and CAXII is controlled by oxygen
levels through a HIF-1-mediated mechanism and only the two
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Fig. 5 The carbonic anhydrase catalytic reaction, localization and domain
structure CAs catalyse the reversible hydration of CO2 to H™ and HCO3 ™.
CAIX and CAXII are cell membrane located, as demonstrated by immuno-
fluorescence of CAIX-expressing cells, in contrast to the cytosolic distribu-
tion of CAIll. Domain organization of the membrane-bound hypoxia
inducible CAIX and CAXII, and the constitutive cytosolic CAll: PG = pro-
teoglycan-like domain, CA = catalytic domain, TM = transmembrane
domain, IC = intracellular C-terminal tail.

hypoxia-induced CAs, CAIX and CAXIIl, have been proposed to
contribute to tumour pH homeostasis based on the catalytic reac-
tion [23, 145].

CAIX regulation and expression

The predominant full-length carbonic anhydrase 9 (ca9) was
cloned in Hela cells, in the 1990s [144, 146], before the discov-
ery that it was one of the most highly hypoxia-induced genes [11].
In addition, recent RT-PCR detection has revealed an alternative
spliced variant, lacking exons 8/9 among 11 exons, which is con-
stitutively expressed (that does not depend on hypoxia) and has
no enzymatic activity [147]. Chromatin immunoprecipitation
assays have shown that both HIF-1a and HIF-2a can bind to the
HRE of the full-length ca9 [148]. However, ca9d has been identified
as a specific HIF-1-induced gene [107, 145], while it fails to be
expressed in cells in which hypoxia is not mediated by HIF-1 [107]
or when the ca9 promoter is methylated [149]. The mechanism of
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such a level of selectivity remains unclear, but it was suggested
that the ca9 promoter is the most sensitive sensor of HIF-1 activ-
ity [150]. In addition to the HRE that allows regulation of ca9 by
HIF-1 the ca9 promoter contains five important regions PR1-PR5
that play a role in transcription of ca9 via the binding of SP1/3
transcription factors [151]. Moreover, the C-TAD of HIF-1 regu-
lates preferentially the transcription of ca9 [107]. The inhibition of
tumour suppressors and the activation of oncogenes that partici-
pate in HIF-1a accumulation in non-hypoxic environments, may
also contribute to ca9 up-regulation. Most RCCs have a mutation
in the tumour suppressor vhl. Non-functional VHL is unable to
polyubiquitylate HIF-1« and thus, HIF-1« is no longer recognized
by the proteasomal degradation system. This leads to constitutive
activation of HIF-1 even in an oxygenated environment [152]. The
consequence of vh/inactivation is high and uniform expression of
CAIX, and of other HIF-1-induced genes [145, 153, 154]. Mutation
in vhl concerns, so far, RCCs and tumours of the retina. While
mutation in the tumour suppressor p53 had no effect on ca9
expression, activation of p53 by genotoxic stress (DNA damage)
increases the degradation of HIF-1« and thus leads to down-reg-
ulation of hypoxia-inducible ca9 expression [155]. Oncogenic
pathways also contribute to ca9 regulation. Inhibitors of the ERK
pathway down-regulate CAIX expression; however, in Hela cells,
CAIX expression and ERK activity were inversely correlated [156,
157]. The MAPK activity may influence ca9 transcription by an
increase in HIF-1 activity indirectly through p300/CBP [158] or
SP1/SP3 [157]. Cell density-dependent transcriptional activation
of ca9 requires separate but interdependent pathways requiring
cooperation of SP1 and involving activation of the PI3K pathway,
and minimal stabilization of HIF-1« [159, 160]. However, consti-
tutive activation of the PI3K pathway increases HIF-1a but
decreases ca9 expression at the mRNA and protein level [105].
These data underline the existence of other potential pathways
involved in HIF-independent regulation of ca9. More recently, a
convincing study revealed that activation of the unfolded protein
response (UPR) by hypoxia cooperates with HIF for hypoxic acti-
vation of ca9 transcription [161]. In severe hypoxia, UPR activa-
tion leads to a reduction in overall protein synthesis. However,
under this condition, the endoplasmic reticulum kinase PERK, a
component of the UPR, phosphorylates the eukaryotic translation
initiation factor eiF2« that activates mRNA translation of the tran-
scription factor ATF4 [161]. Thus, ATF4 was found to bind directly
to the ca9 promoter and to be necessary for ca9 induction in
hypoxia. Mutation in eiF2a decreased CAIX expression at the
mRNA and protein level without affecting the HIF-1 activity and
ca9 mRNA stability. The regulation of ca9 by others environmen-
tal factors such as acidosis, glucose deprivation or bicarbonate
depletion has also been reported. Controversial data have shown
that acidification of the culture media increases the expression of
CAIX (mRNA and protein) in glioblastoma cells, due to the stabi-
lization of HIF-1a and activation of the ERK pathway under acidic
conditions [162]. However, acidosis or glucose deprivation did not
induce ca9 expression in normoxic Hela cells [163], while the
combination of hypoxia and low glucose or low bicarbonate in the
media, moderately enhanced hypoxia-induced CAIX expression

© 2009 The Authors

Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



[163]. The clear demonstration that microenvironmental factors
may have an effect on CAIX expression via a HIF-independent
mechanism has not been demonstrated since the activation of ca9
occurs with the concurrent activation of HIF-1.

Under physiological conditions, the expression of CAIX is
essentially restricted to a few tissues including the epithelium of
the stomach (gastric mucosa), biliary tree, crypt cells of the duo-
denum, and the epithelium of the small intestine [23, 164]. A
strong signal for ca9 mRNA was also detected by RT-PCR in the
kidney and skeletal muscle of mice, while immunoblotting and
immunohistochemical analysis showed no signal for the protein,
which suggests tissue-specific post-translational control of CAIX
expression, but is yet to be elucidated [165]. CAIX is expressed
during embryonic development as shown in the mouse [166] but
is more highly expressed in many cancers such as oligoden-
droglial brain tumours [167], colorectal cancer [168], ovarian
tumours [169], gastric cancer [170], pancreatic cancer [171] and
breast cancer associated with c-erbB2 overexpression [172]. In
most cases, CAIX expression correlates with the pattern of HIF-1«
expression in cancers in hypoxic/perinecrotic regions of the
tumour, distant from the blood vessel (Fig. 6) and also colocalizes
with the hypoxic indicator (hypoxyprobe) stain [24]. However,
exceptions have been observed where expression of CAIX is
detected in the absence of HIF-1a staining [173]. These observa-
tions could be interpreted as the existence of dynamic cycles of
acute hypoxia/ rapid reoxygenation within the tumour, and the
short half-life of HIF-1a compared to CAIX where the latter is
highly stable once induced [163]. The recent demonstration show-
ing that ca9 expression is regulated by the UPR pathway may also
explain the absence of HIF-1a and CAIX colocalization [161].
Some tumours also contain hypoxic regions without CAIX expres-
sion [174], which could be explained by the lag in HIF target tran-
scriptional activation and protein expression. The requirement of
UPR signalling could also explain why HIF-1a™ tumours are neg-
ative for CAIX staining [161]. As for HIF-1«, CAIX has been pro-
posed as a marker of an aggressive malignant phenotype of solid
tumours, since a strong link between its expression and poor
patient survival has been established by many groups [175-182].
Only one case reported that low expression of CAIX in RCC
tumours is a factor of bad prognosis [183]. However, the status of
HIF within these RCC tumours was not indicated and the presence
of HIF-2« instead of HIF-1a may explain this phenomenon [184].

CAXII regulation and expression

The cDNA of ca72 was cloned in 1998 from RCC tumours [185].
Its chromosomal localization mapped differently to that of ca9.
The ca12 gene is also induced in hypoxia [23, 145], via a HIF-1-
dependent mechanism [24]. However, the HRE of ca12 has not
been identified. The fold induction of ca72 is lower than that for
ca9 because the basal level of ca’2 mRNA and protein is higher
than for ca9in tumour cells in normoxia. ca72 mRNA is up-regulated
in VHL-defective renal tumours due to constitutive stabilization
and activation of HIF-1 [153]. In breast cancer, oestrogen receptor
(ER-) activation leads to transcriptional up-regulation of ca72 via

© 2009 The Authors

J. Cell. Mol. Med. Vol 14, No 4, 2010

——
50 pm

Fig. 6 Immunohistochemical analysis of HIF-1« and CAIX expression in
mice xenograft tumours. Tumour sections obtained from subcutaneous
injection of colon carcinoma LS174Tr cells were stained with an anti-CAIX
monocalonal antibody M75 and showed correlation between CAIX expres-
sion and regions of HIF-1a™ staining. A relationship between CAIX local-
ization and regions of hypoxia and necrosis, was also noted. Staining of
CAIX is predominantly membranous while HIF-1a is localized in the
nucleus. Magnification 20<.

a hormone-responsive enhancer [186]. An alternatively spliced
variant of ca12, lacking an exon, was detected in infiltrating astro-
cytomas [187]. The shorter form that was found to predominate
in brain tumours was lacking residues that are located in the trans-
membrane domain. Thus, this spliced isoform may affect the
quaternary structure of dimeric CAXII and signalling pathways
involving protein kinase C and A, due to disruption in a potential
phosphorylation site of these kinases in the C-terminal tail of
CAXII. CAXIl is a 39 kD protein with a conserved Zn-binding
catalytic site, a transmembrane domain and a short intracellular
C-terminal extension containing potential phosphorylation sites
for casein Il kinase, protein kinase C, and c-AMP-dependent
kinase [185]. Under physiological conditions, CAXIl expression
was detected in human and mouse endometrial epithelia, suggest-
ing a role in reproductive physiology [188, 189]. Unlike CAIX
expression, the endogenous expression of CAXII is less tissue
specific and is not only restricted to normal epithelia. CAXII is
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expressed in a variety of normal tissues but its expression
becomes stronger in tumours. CAXII expression was found in nor-
mal human pancreas, kidney, gut and the gastrointestinal tract
[190-193]. Prominent expression of CAXII was observed during
embryonic eye development but was significantly decreased in the
adult eye [194]. However, in glaucoma (high intraocular pressure),
ca12 mRNA was strongly increased in the adult eye, while ca9
mRNA was not detectable. CAXII is highly expressed in gastric
tumours compared to weak expression in normal gastric mucosa
[195] and its expression is also high in various tumours
[190-193]. While tumour expression of HIF-1« and CAIX correlate
with poor patient survival, the significance of CAXII is less obvi-
ous and the distribution of CAXIl is not always associated with
CAIX expression [24, 153]. However, CAXII distribution was asso-
ciated with high malignancy grade and poor prognosis for astro-
cytic gliomas [187].

The activity and functions of CAIX and CAXII

The two hypoxia-inducible CAIX and CAXII are not highly homolo-
gous in their protein sequence (30% sequence homology only), but
they share the same catalytic site with the three conserved zinc-
binding histidine residues. To date, the cytosolic CAIl was reported
to have the highest catalytic efficiency with a kcat/Km = 1.5 X
10%/MW/s [44]. However, recent biochemical characterization of the
hypoxia-induced CAIX showed it was the most active carbonic
anhydrase isozyme with a surprisingly high CA activity of kcat/Km =
35 X 109/M/sec., which was associated with the presence of
the PG-like domain of CAIX [196]. However, the mechanism by
which the PG-like domain contributes to an increase in the CO2
hydration activity of the CA is still unknown. It was suggested that
metal ions, such as n*t might bind to the catalytic site and prob-
ably relieve the electrostatic repulsion of the PG-like domain. CAIX
was also shown to have a higher activity for CO2 hydration in an
acidic environment (around pHo 6.5) compared to in a neutral envi-
ronment (pHo 7.4) [197]. The activity of CAXII was reported to be
moderate compared to that of CAIX [143, 198, 199]. One of the
major challenges in the study of HIF-induced CAs is to understand
the advantage tumour cells derive from overexpression of enzymes
that catalyse an already spontaneous reaction that hydrates CO2 to
generate H" and HCO3 ™. It is well known that H*, the main acidi-
fier and the couple of CO2/HCOs~ (pKa = 6.37), the main pH
buffering system, governs body pH homeostasis and the pH of
intracellular and extracellular compartments. Thus, since the 1990s
the tumour-associated hypoxia-inducible CAs were suggested to
be functionally linked to the regulation of the tumour pH, in partic-
ular for GAIX. Firstly, CAIX expression was clearly shown to con-
tribute to extracellular acidification (decreased pHo) of tumour cells
in hypoxia, in a way that does not depend on lactic acid production
[125]. Moreover, this study revealed that the expressed CAIX was
functionally active only when cells were exposed to a hypoxic envi-
ronment [125, 200]. Investigations into the implication of CAIX in
the regulation of the pHi have shown to take place in cell monolay-
ers and in three-dimensional cell culture [24, 127, 201]. These
studies showed that: (/) CAIX expression in human bladder carci-
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noma RT112 cells was not able to regulate the pHi of isolated cells
in neutral and bicarbonate-buffered medium but contribute to pHi
regulation at the core of growing spheroids [127]. In agreement
with this study, our laboratory showed that an excess in extracellu-
lar bicarbonate (that would saturate bicarbonate transporters at the
cell surface) would not allow the study of the contribution of CAIX
to pHi regulation in a cell monolayer [24], (ii) when cells were
exposed to a nominally bicarbonate-free and acidic milieu (pHo 6.2
to 6.8), CAIX-expressing cells display a more alkaline resting pHi
promoting cell viability and proliferation. This demonstrates the
role of CAIX on a pHi-threshold value that is permissive with sur-
vival and growth of non-tumour (fibroblasts) and tumour cell lines
such as adecomarcinoma LS174Tr cells [24]. Moreover, pHi regu-
lation was reversed in the presence of diisothiocyanatostilbene-2’,
2-disulfonic acid, an inhibitor of HCO3 ™ transporters, suggesting
that the local production of the weak base HCO3 ™, which was rap-
idly generated in the presence of CAIX, was recaptured and capa-
ble of counteracting intracellular acidification [24], (iii) in growing
spheroids of RT112 cells and HCT116 (colon carcinoma) cells the
pHi of cells evolving within the spheroid core was higher when cells
overexpressed CAIX compared to control non-expressing cells,
while the extracellular environment was more acidic. These effects
on pHi and pHo were reversed when the CAIX activity was reduced
with non-permeable inhibitors of CA activity [127, 201]. Thus, the
authors concluded that tumour cells express CAIX to facilitate CO2
extrusion, thereby reducing the pHo and increasing the pHi and
promoting cell survival. The contribution of CAIX expression to pHi
was also detected in fibroblasts impaired in NHE-1 expression
(nhe-1" mutant), which ensured the absence of interference by
this major player in pHi homeostasis. This finding indicates that
CAIX is a key pHi-regulating system [24]. The mechanism by which
membrane-bound CAIX regulate the pHi occurs through the effi-
cient uptake of HCO3  locally formed in the ‘mouth’ of CAs through
CI7/HCO3~ exchangers (AE) and/or Na*/HCOs~ co-transporters
[202]. Interaction of the catalytic domain of CAIX with bicarbonate
transporters has been reported and was shown to increase the AE
exchanger activity [202] (Fig. 7). However, further investigations
are required to evaluate the key bicarbonate transporters coupled
to CAIX (and CAXII) in pHi regulation in hypoxic tumour cells. Both
CAIV and CAXIV were shown to play a key role in pHi regulation of
neurons by enhancing the expression of AE3-mediated CI~/HCO3 ™~
exchanger [203]. While the role of CAIX in tumour pH homeostasis
has been investigated, the contribution of CAXIl was not examined
until recently. Evidence of a conjugated role of CAIX and XIl in
tumour pHi regulation and tumour growth has been suggested by
investigations in our laboratory. Knockdown of ca9 did not change
the rate of catalysis of acidification and pHi regulation in an acidic
environment due to compensation by CAXIl expression (at the
mRNA and protein level) and activity in hypoxia [24]. Even in
absence of changes in pH (pHo and pHi), silencing of ca9 reduced
spheroid and tumour growth in nude mice [24] as shown in in vitro
cell proliferation assays in bicarbonate-containing media [126].
Combined silencing of both membrane-associated hypoxia-
inducible CAIX and CAXII led to a reduction in extracellular acid-
ification and pHi regulation, which correlated with a dramatic

© 2009 The Authors

Journal compilation © 2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



Fig. 7 Up-regulation of glycolysis and pHi regu-
lation: hallmarks of invasive cancers. HIF-1 stim-
ulates glycolysis by activating the expression of
the glucose transporters GLUT and glycolytic
enzymes such as HK2, lactate dehydrogenase A,
and PDKT1, an inhibitor of PDH, that inhibits mito-
chondrial uptake of pyruvate. Mutation of p53
blocks the expression of SCO2 that is critical for
regulating the COX complex, the major site of
mitochondrial oxygen utilization. Despite the
huge production of lactate /H™ (represented in
orange), tumour cells maintain the pHi compati-
ble with cell viability by activating their constitu-
tively expressed pHi-regulating system (black
symbols) such as the Na*/H" exchanger-1
(NHE-1), the bicarbonate transporters such as
ClI"/HCOs™ exchangers (AE), Na*-dependent
HCOs™ transporter (NBC), the MCT1, the H*-
pump (V-ATPase), the cytoplasmic carbonic
anhydrase Il (CAll) and the HIF-1-induced pHi-
regulating systems (blue symbols) such as the
MCT4, carbonic anhydrases IX and X1l (CAIX and
CAXIl) and aquaporin 1 (AQP1). Many of these
components, which regulate the pHi, may inter-
act to form a ‘metabolon’ that enhances meta-
bolic flux of H™, lactate™ and HCOs~ (repre-
sented by double arrows).

decrease in the rate of xenograft tumours growth [24]. Both
CAIX and XII play a key role in pHi regulation in hypoxia by con-
tributing to removal of metabolically generated CO2, Thus, such
regulation is a key event controlling cell viability, and in vivo
tumour growth in a hostile acidic and hypoxic microenviron-
ment. Accordingly, simultaneous expression of the hypoxia-
induced CAIX and CAXII predicted extremely poor prognosis for
patients with astrocytomas tumours, compared to the survival
observed in astrocytomas lacking CAIX and CAXIl expression
[187]. While the knockout of ca72 in mice has not been investi-
gated, the knockout of ca9 was not lethal and resulted in limited
phenotypic changes, prominently giving gastric hyperplasia, but
no change was observed in gastric secretion or in other tissues
known to express CAIX. This indicated that other CA isoforms
might compensate for the lack of CAIX [204, 205]. Knockout of
ca9 in mice led to up-regulation of ca2 expression (mRNA and
protein) in the stomach and inversely, knockout of ca2 was
accompanied by an increase in ca9 (mRNA and protein) levels,
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in the same tissue [206]. Interestingly, we also observed that
knockdown of ca9in colon carcinomas LS174Tr cells led to par-
tial compensation by up-regulation of ca72 (Fig. 8) in vitro and
in vivo with a reproducible 1.5-fold induction compared to the
level of hypoxic induction of ca72 [24] and ca2 (data not
shown) at mRNA and protein levels, suggesting that cross talk
between the CAs is needed to maintain a threshold level of activ-
ity for cell pH homeostasis. The mechanism of such specific
cross talk between the CAs remains unclear and is presently in
progress. Accordingly, study of normal and malignant lesions of
the large intestinal mucosa revealed high expression of the
cytosolic CAl and CAIll in normal tissue compared to weak
expression in colorectal tumours while the opposite pattern of
expression was detected for the membrane-associated CAIX
and CAXII that exert strong expression in tumours and are
barely detectable in normal intestinal mucosa [207]. Thus, not
only high levels of CAIX and CAXIl in tumours but also
decreased expression of CAl and CAIl may contribute to
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LS-shca9 (human colon carcinoma)

-DOX

Fig. 8 Cross talk between CAIX and CAXII expres-
sion. Reduced expression of CAIX by doxycycline
(DOX)-induced shRNA interference in LS174Tr
human colon carcinoma cells (LS-shca9) leads to
up-regulation of CAXIl. Co-staining for CAIX
(Immunofluorescence) (upper panel) and CAXII
(Immunohistochemistry) (lower panel) was
observed in mice xenograft tumours of inducible
colon carcinoma LS-shca9 cells with (+DOX) or
without (-DOX) doxycycline in the drinking water
of mice. Magnification 20<.

progression during malignant transformation. The possible
implication of these CAs as signalling molecules, independent
of their function as pH-regulating enzymes, is another important
point that has not been extensively investigated and may explain
the partial decrease in xenograft growth of ca9 silenced cells
despite maintenance of the CA catalytic activity due to up-regu-
lation of CAXII. Signalling through the EGF pathway by phos-
phorylation of a cytoplasmic tyrosine residue of CAIX may
either activate CAIX or enhance its expression by increasing
translation of HIF-1a [208]. In addition, phosphorylation acti-
vates PI13-K resulting in phosphorylation of Akt and cell survival.
CAIX expression was shown to interact with g-catenin and thus
was suggested to play an important role in the modulation of E-
cadherin mediated cell adhesion [209]. When renal carcinoma
cells were treated with acetazolamide, an inhibitor of carbonic
anhydrases, their capacity to invade was diminished [210]. In
addition, CAIX expression was strongly associated with the
development of metastasis in patients with cervical tumours,
while CAXIl expression was associated with less metastasis
[211], but the invasion of breast carcinoma cells in vitro was
not influenced by CAIX in another study [126].
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The hypoxia-induced monocarboxylate transporter
MCT4, the constitutively expressed MCT1 and
their chaperone CD147 are key plasma-membrane
proteins involved in pH regulation, energy
balance, tumour progression and metastasis

Among the 14 MCT isoforms, only MCT1, MCT2, MCT3 and MCT4
have been demonstrated to enhance H'-linked transport of
metabolic carboxylates such as lactate [212]. In particular, the
cell-surface expression of MCT1 and MCT4 which is mediated by
the presence of a chaperone CD147 [213], has been associated
with tumour aggressiveness [214]. It has been proposed that they
are powerful regulators of the tumour pHi by extruding lactic acid
produced through the highly glycolytic nature of tumour cells.

MCT regulation, expression, structure and implication

of their chaperone CD147
The MCTs have 12 transmembrane domains, intracellular N- and
C-termini residues and a large intracellular loop between the
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transmembrane domains 6 and 7 [212, 215]. These plasma mem-
brane located isoforms differ in their tissue distribution and affin-
ity for lactate [19, 212]. MCT1 is ubiquitously expressed in all tis-
sues whereas MCT2 is essentially located in the kidney and the
brain, while MCT3 is found in the retinal pigmented epithelium.
Surprisingly, MCT4 is strongly expressed in glycolytic tissues
such as skeletal muscles and is induced in hypoxia in most human
tumour cell lines through a HIF-1-dependent mechanism via a
HRE [22, 216]. Interestingly MCT1 and MCT4 require the expres-
sion of the CD147 chaperone for functional expression and lactate
transport at the cell surface [213, 217] but CD147 is not a HIF-
induced gene. CD147, also named basigin or EMMPRIN is a mul-
tifunctional, highly conserved glycoprotein that is associated with
poor patient prognosis in renal carcinomas [218], gastric tumours
[219] and head and neck cancers [220].

The MCT1, MCT4 and CD147 activity and functions

Expression of each MCT isoform in Xenopus oocytes demonstrated
that MCT2 has a considerably higher affinity for lactate (Km =
0.7 mM) than MCT1 (Km = 3-5 mM) while MCT4 showed a much
lower affinity (Km = 28 mM) [216, 221, 222]. Because of its low
affinity for lactate MCT4 is adapted to extrude of lactate [216].
Moreover, the lactate transport activity through MCT1 was
enhanced in the presence of cytosolic CAll in Xenopus oocytes
[223, 224]. However, this physical interaction did not require the
catalytic activity of CAIl. This result suggested that both MCT1 and
CAll are important components of the ‘metabolon’, a membrane
protein complex that maximizes metabolitic (e.g. H*, lactate, pyru-
vate, HCO3 ) flux and the transport rate to regulate their produc-
tion [223, 224]. This finding may be of considerable significance in
tumour pH-regulation since CAIl and AE have been reported previ-
ously to form a ‘metabolon’ [225, 226] as for CAIX/AE2 [202], and
NHE-1/CAIl [227, 228], which may interact to enhance the trans-
port of metabolites in hypoxia (Fig. 7). MCT1 was recently pro-
posed to be a crucial component of metabolic symbiosis based on
lactate exchange between glycolytic/hypoxic and oxidative tumour
cells within solid tumours [229]. The authors demonstrated that
oxidative SiHa cells expressed higher levels of mct? compared
to mct4 mRNA and proteins and that MCT1 expression decreased
in the hypoxic area of the tumour while MCT4 was induced. Thus,
it was proposed that MCT1 captures the lactate produced by
hypoxic/glycolytic cells and extruded it by MCT4, to fuel oxidative
metabolism in oxygenated tumour cells. Moreover, the inhibition of
MCT1 induced a shift from lactate-fuelled respiration to glycolysis
in the oxidative part of the tumour making glucose unavailable for
hypoxic/glycolytic cells, which die. Thus the authors concluded
that specific inhibition of MCT1 revealed a substantial anti-tumour
effect. Investigations into the contribution of lactic acid transport in
tumour cells and stroma cells have so far concerned MCT1. The
intracellular transport of lactate by endothelial cells that express
active MCT1 in tumours may also modify the microenvironment
through promoting angiogenesis [230, 231]. However, since
hypoxic tumour cells induce MCT4, the functionality of MCT4 in a
MCT1 background requires further investigation. In spite of the
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low-affinity of MCT4 for lactate transport compared to MCT1, we
hypothesize that the function of MCT4 is of great importance in the
context of in vivo metabolism, tumour pHi regulation and growth.
Validation of both specific MCT1 and MCT4 as anticancer targets is
presently in progress. Co-immunoprecipitation assays have
revealed a selective interaction between B1-integrin and MCT4 in
epithelial cell lines expressing MCT1 and MCT4. Thus, knockdown
of MCT4 reduced cell migration while knockdown of MCT1 did not
slow migration [217]. The knockdown of CD147, the ancillary pro-
tein required for the functional expression of MCT1 and MCT4 at
the plasma membrane, reduced the level of expression of both
MCT1 and MCT4, and led to an increase in intracellular lactate
[232, 233], and a reduction in the rate of pancreatic tumour cell
proliferation both in vitro and in vivo in a xenograft model.
Inversely, silencing of MCT4 affected the maturation and trafficking
of CD147 to the plasma membrane and decreased migration of a
metastatic breast cancer cell line [233]. The synergistic relation-
ship within the MCT/CD147 complex could facilitate the develop-
ment of anticancer molecules.

Strategies taking advantage of changes
in the oxygen level, energy balance
and pH homeostasis to target primary
tumours and metastases

Subsequent to Warburg’s observation of the up-regulation of gly-
colysis in tumours and the recognition that glucose addiction of
transformed cells is linked to PI3K mutation or Akt activation, sev-
eral types of inhibitors targeting oncogenes (such as Akt
inhibitors) have been developed [234]. 2-deoxy-glucose, a non-
metabolizable analogue of glucose that competes with glucose, is
also a candidate molecule as an anticancer treatment and is in
phase | clinical trials [235, 236]. Several inhibitors blocking gly-
colytic enzymes have been shown to have potent anti-tumour
effects in vivo, as seen for 3-bromopyruvate, which inhibits HK
activity, when in combination with cisplatin [237]. AMP, which is
known to activate allosterically PFK, could be challenged by the
quantity of ATP within the cells [238]. Thus, in hypoxia, the
increase in the AMP/ATP ratio leads to allosteric activation of PFK
and increased glycolysis. AMP activates the AMP-activated protein
kinase (AMPK) that by phosphorylation of key metabolic enzymes
reduces ATP consumption and modifies gene expression (GLUT-1
and GLUT-4 for example) [239-241], so AMPK might be a candi-
date target. Thus, a specific inhibitor of AMPK would act as an
inhibitor of glycolytic enzymes and would target many steps of the
glycolytic pathway, and thus, would help to increase rapid meta-
bolic deficiency. Another adenosine nucleotide that plays a crucial
role in the hypoxia-sensitivity of glycolysis and the maintenance of
ATP production from glycolysis is NADH. The step that regener-
ates NADH from NAD™ involves glyceraldehyde phosphate dehy-
drogenase (GAPDH). Interest in targeting GAPDH lies in the fact
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that it is the only enzyme that recycles NADH and inhibition of its
regeneration would have a dramatic impact on ATP production
and cell survival, as did the silencing of LDH-A. One of the most
distinct hallmarks of cancer cells is the low pHo and the rather
high pHi, particularly in hypoxic regions. The recognition of HIF
induction of the pHi-regulating system and other proteins involved
in key survival processes, has led to the development of HIF
inhibitors as anticancer treatments [242-245]. However, this
strategy may not be as beneficial as first thought since it affects
the pleiotropic action of HIF-1 on pro-survival and pro-death
genes and might be better directed to the inhibition of downstream
HIF-1-target gene products, as we proposed for HIF-1-induced
pHi-regulating systems [10, 24]. Indeed, by clamping their own
intracellular acidity through inhibition of key hypoxia-inducible
pHi-regulating systems, cells would collapse their energy produc-
tion and multiple biological functions, thereby precipitating cells of
the primary tumour into necrosis. Another novel and potentially
efficient drug approach consists in increasing the pHo, to reduce
metastatic formation and MDR and to stimulate NK cell activity.
Many areas of research have yet to be explored within the context
of cellular and microenvironmental pH regulation in cancer. For
example little is known about the influence of pH on the emer-
gence of cancer stem cells [246]. Yet a lot of interest has been
paid recently to cancer stem cell research [247, 248], although the
existence of such cells has been questioned [249]. However,
hypoxia has been proposed to influence development of both tis-
sue stem cells and cancer stem cells [250, 251].

Decreasing the pHi of hypoxic cells of the primary
tumour by inhibiting key pHi-regulating systems
to collapse ATP production

Hypoxic areas that evolve distant from blood vessels are highly
resistant to chemotherapeutic agents and radiotherapy, thus a lot
of interest is being paid to this part of the tumour and to under-
standing how hypoxic cells adapt to such a low oxygenated and
acidic microenvironment. Thus, to precipitate hypoxic tumour cells
into necrosis, targeting a pHi-regulating system in this region to
produce a high amount of acid would be a selective and specific
therapy. We are convinced that inhibition of acid extrusion is a
selective strategy that would only target tumour cells. This specificity
resides in the fact that tumour cells have an abnormal proliferation
rate and cannot enter the GO checkpoint. Thus, by poisoning cells
with their own acid, the ATP level would drop and tumour cells
would rapidly experience necrotic cell death. Several pHi-regulating
systems have now been validated and represent potential targets
for anticancer therapy. Inhibition of NHE-1 had an effect on in vivo
growth of H-ras transformed fibroblasts [58] and on leukemic
[216] and breast cancer cells [252]. In addition, long-term treat-
ment of rats with a NHE-1 inhibitor (Cariporide, Sanofi-Aventis,
Paris, France) extends their lifespan and reduces tumour take,
which is consistent with data observed by Pouyssegur’s group.
Inhibition of the recently validated pHi-regulating system CAIX and
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CAXII [24] represents a strong challenge for chemists and biologists
who are now developing specific ‘CA-antagonist’ antibodies, cell
impermeable drugs [253] and selective bioreductive sulfonamide
inhibitors targeting both CAIX and CAXII [254]. A recent study
revealed that treatment with albumin-binding acetazolamide deriva-
tives reduced the rate of xenograft growth of human RCC SK-RC-52
cells [255]. Such inhibitors are being actively investigated at the
molecular and cellular levels and may hold promise as effective
anticancer treatments [143, 199]. Another approach consists in
exploiting the strong expression of CAIX in hypoxic areas of the
tumour to induce cell death. A monoclonal antibody (mAbG250)
directed toward CAIX has entered phase | [256, 257]. It did not
inhibit the function of CAIX but lead to internalization of the protein
and induced cell death of hypoxic cells expressing CAIX. CO2, the
substrate of carbonic anhydrase is believed to diffuse freely across
cell membranes. Information on the water channel proteins aqua-
porins (AQP) that mediate CO2 and H20 flux has brought new
insight into the understanding of cell physiology. More recently, the
expression of AQPs such as AQP1 has been shown to correlate with
HIF-1a expression within breast cancer tumours and human
endothelial retinal cells [258]. In the context of tumour physiology
and pH regulation, AQP1 might play a key role by potentially inter-
acting with the cytosolic CAs and the membrane-associated CAIX
and CAXIl in hypoxia [259] (Fig. 8). AQP1-null mice show a dra-
matic reduction in the tumour growth rate and a decrease in cell
migration and metastatic potential that suggest that AQP1 is a
promising anticancer target [260]. To target lactic acid extrusion,
and to collapse ATP production through glycolysis, a specific
inhibitor of the common MCT1 and MCT4 chaperone CD147/basigin
would also hold potential as an effective anticancer treatment [261].

Increasing pHo and the extracellular buffering
capacity in targeting metastasis and reducing
multidrug resistance

One of the major challenges in cancer therapy is to prevent tumour
cells forming metastases. Acidosis of the tumour microenvironment
has been reported to favour metastasis. Pre-treatment of tumour
cells with acid before in vivo injection has shown an increase in
metastases, suggesting that a low pH activates invasive and survival
pathways [137, 262]. Extracellular acidosis itself may also explain
MDR in a p38 MAPK-dependent manner [29]. Thus, a reduction in
tumour extracellular acidification or inhibition of p38 MAPK would
reduce MDR and sensitize the tumour to cytotoxic affects of
chemotherapeutic agents. Recently, Gatenby and colleagues gave
mice NaHCO3 in their drinking water and reported an alkalinized
tumour microenvironment and reduce metastatic formation in
tumour bearing mice [263]. They reported that NaHCO3 selectively
and effectively increased the extracellular tumour pH without affect-
ing the pHi and thus had no effect on the rate of growth of the
primary tumours. However, NaHCOs-induced inhibition of external
tumour acidity reduced the incidence of in vivo metastases of breast
and prostate cancer cells and increased survival. They suggested
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that inhibition was due to an increase in the bicarbonate level in the
tumour, which increased the bicarbonate buffering capacity.
However, the mechanism involved is not completely resolved since
it is not known whether addition of bicarbonate leads to a decrease
in survival of circulating cells or to inhibition of colonization at the
metastatic site. The drawback of this therapy concerns the balance
between the acid load produced by the tumour and the quantity of
bicarbonate that can be administrated. Thus the effectiveness of this
therapy will be reduced in large tumours [264]. However, the strong
advantage of this strategy would be to restore a more neutral
tumour pHo that should slow down the metastatic process but also
diminish drug resistance. Expression of the plasma-membrane
V-ATPase was shown to be enhanced in multidrug resistant cells
(cisplatin), thus, an increase in the pHi, decreases the pHo and
avoids the cytotoxicity of cisplatin [265]. The V-ATPase that has a
higher activity in an acidic extracellular microenvironment, is
involved in invasion and metastasis. Inhibition of its activity through
proton pump inhibitors is being validated and seems to reduce the
metastatic capacity of tumours cells [266], and to induce apoptosis
of tumour cells without influencing normal cells from the same
tissue [267]. Thus V-ATPase is thought to be a potential
target for anticancer treatment [268]. However, tumour cells in
hypoxia have developed key strategies to reduce ATP consumption
(reduction of proliferation, protein synthesis) thus, the V-ATPase
that requires ATP to extrude H™, seems not be the preferential
candidate for targeting tumour pHi regulation.
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Conclusion

Since pHi regulation controls many cellular functions involved in
energy production, cell survival, proliferation and migration, a
strategy that would inhibit some of the major pHi-regulating sys-
tems of highly glycolytic cells, such as transformed cells and
hypoxic tumour cells, is now being intensely investigated.
Validation of the role of HIF-1-induced pHi-regulating systems
such as CAIX, CAXIl and MCT4 in tumorigenesis and tumour
development is in progress. Thus, the challenge now consists in
evaluating the most specific and promising drugs that target
these systems, for possible combination with chemotherapeutic
compounds.
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