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High cell density-mediated pericellular hypoxia is a crucial factor inducing
expression of the intrinsic hypoxia marker CA IX in vitro in HeLa cells’
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Oxygen plays a central role in respiration of the cells and thus in generation of energy by aerobic metabolism. The cells
precisely detect oxygen level and changes in oxygen perfusion leads to induction of various responses enabling to adapt to
unfavorable conditions.

CA IX carbonic anhydrase is a hypoxia-inducible tumor-associated antigen which is overexpressed in dense HeLa cells.
Presented study investigates the effects of oxygen tension on CA IX expression in HeLa cell culture. Using of an immu-
noradiometric assay to quantify CA IX protein, it was revealed that expression of CA IX correlates with increasing cell
density, lactate production and medium acidification under normoxic conditions. These observations and hypoxia-indu-
cibility of CA IX suggested a possible role of pericellular hypoxia in density-induced CA IX expression. To test this
hypothesis, HeLa cells were incubated in normobaric hyperoxia (50% O,) or cell culture medium was convected to disturb
oxygen deprivation. Both approaches completely abrogated CA IX expression in dense HeLa cell cultures and therefore
confirmed the importance of decreased oxygen tension in high cell density-induced CA IX expression. In addition, HeLa
cells exposed to hyperoxia retained inducibility of CA IX expression by transition metals and iron chelators, suggesting that
they act independently of cell density mediated-pO,-gradient or at a downstream site from oxygen sensor.

Observed data indicate that high cell density-lowered pericellular pO, is a crucial factor inducing CA IX expression and

influencing composition of metabolic micromilieu surrounding the dense HeLa cells.
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The microenvironmental physiology of tumors is quite
different from that of normal tissues. Considerable differ-
ences are between the vascularity of tumor and normal tis-
sue. Tumor blood vessels are highly irregular, torturous,
have arterio-venous shunts, blind ends, high intercapillary
distances etc. These structural and physiological abnormal-
ities result in low oxygen perfusion of some areas of tumor
tissue, thereby becoming hypoxic and eventually necrotic.
And thus hypoxia is a common feature of human and animal
tumors [16]. Hypoxia as a factor altering behaviour of tumor
cells is associated with malignant aggressiveness of tumors
due to increased invasivity, metastatic potential and resis-
tance to radiation and chemotherapy [4, 9].

Molecular oxygen, O, as a terminal acceptor of electrons
from respiratory chain is essential for cellular respiration
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and thus for production of ATP. Whereas low oxygen ten-
sion has significant impact on energy metabolism of the
cells, hypoxic cells induce variety of defense and rescue
mechanisms to compensate hypoxic stress [8]. Changes in
oxygen tension results in alteration of metabolic activity,
membrane electrochemical potentials and fluidity, ion per-
meability etc. Hypoxia up-regulates the expression of genes

Abbreviations: Akt — protein kinase B; CA IX — human carbonic anhy-
drase IX protein; CA9 — human carbonic anhydrase 9 gene; DFO — desfer-
rioxamine; DNP — 2 4-dinitrophenol; HEPES — N-2-hydroxyethylpipera-
zine-N’-2-ethanesulfonic acid; HIF-1 — hypoxia inducible factor 1 transcrip-
tional complex; HIF-1o — hypoxia-inducible factor 1«; HRE — hypoxia re-
sponse element; mAb — monoclonal antibody; IRMA — immunoradiometric
assay; M75 — CA IX specific monoclonal antibody; oPE — o-phenanthroline;
PBS - phosphate buffered saline; pH, — extracellular pH; pH; — intracellular
pH; PI3-K - phosphatidylinositol 3-kinase; PMSF — phenylmethylsulfonyl
fluoride; PR1 — protected region 1; pVHL — protein product of von Hippel-
Lindau gene; ROS - reactive oxygen species; SDS-PAGE —sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.
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involved in adaptation to decreased O,. The expression of
these genes has a key function in angiogenesis, vascular
reactivity and remodeling capacity, cell proliferation and
survival, glucose and energy metabolism [22]. Hypoxia-ac-
celerated anaerobic glycolysis leads to excessive accumula-
tion of lactate. The lactic acid and impaired efflux of acidic
catabolites from tumor’s interstitium are supposed to be
major causes of low extracellular pH of solid tumors [13,
30]. Acidic pH environment stimulates expression of 1L-8
proangiogenic factor [29] and is connected with tumor in-
vasion [14].

CA IXis a cell surface glycoprotein which is ectopicaly
expressed in a number of human malignant tumors. In some
recent studies has been described that the intensity of ex-
pression of CA IX is connected with lowered oxygen ten-
sion [10, 28] and therefore CA9 was proposed as an intrinsic
marker of intratumoral hypoxia [3, 12, 17]. The promoter of
CA9 contains HIF-1 dependent hypoxia response element
(HRE) and hypoxia-induced expression of CA9 is tightly
regulated by HRE-dependent oxygen controlled HIF-1a/
pVHL mechanism [28]. CA IX is fully enzymatically active
and thus is able to catalyse reversible hydration of carbon
dioxide [31]. Enzymatic activity of CA IX could be involved
in the acidification of extracellular milieu and in the pH
homeostasis of tumor cells under hypoxic conditions and
so it could provide selective advantage for tumor growth
and malignant progression.

CA IXis overexpressed in dense HeLa cells, whereas it is
not expressed in sparse cell culture [7, 11, 19, 32]. This den-
sity-dependent expression of CA IX could be probably
caused by cell-to-cell interactions through cell-adhesion
molecules or by density-mediated lowered oxygen tension
(pericellular hypoxia). The major focus of this study was to
analyze the possible role of pericellular hypoxia in the den-
sity-induced CA IX expression in HeLa cells. Obtained re-
sults indicate that high density-mediated pericellular
hypoxia is a decisive factor inducing CA IX expression in
dense HeLa cells under normoxic conditions.

Material and methods

Cells and culture conditions. HeLa cervical adenocarcino-
ma cells (ATCC CCL-2) were grown in DMEM medium
supplemented with 10% (v/v) heat-inactivated fetal calf ser-
um, supplemented by 2mM L-glutamine and 160 ug genta-
micin/ml. Cultures were maintained at 37 °C in a humidified
5% CO, atmosphere. For experiments, cells were seeded at
a low density (1.5x10° cells per 3.5 cm dish), high density
(1.5x10° cells per 3.5 cm dish) or various density (15-70x10?
cells per 96-well plate), 1 day before hypoxic, normoxic or
hyperoxic exposures. HeLa cells used for plating were
maintained at least two passages at sparse density. Hypoxic
and hyperoxic conditions were achieved in a Napco 7000

incubator, which maintained an humidified atmosphere
with 5% CO,, 0.1% or 50% O, and the balance made up
of nitrogen.

Expression of CA IX, pH and lactate content were de-
termined by methods described below.

Immunoradiometric assay. The murine mAb M75 specific
for CA IX [20] was labeled with iodine-125 to specific activ-
ity 5.5 uCi.ug' and used for immunoradiometric assay
(IRMA) as was described previously [7]. Briefly, the cells
were incubated with ' I-M75 mAb 1x10° cpm.ml™* (1 ml per
3.5 cm dish and 0.1 ml per 96-well plate) at 37 °C for 2 h and
then washed. The cultures were then extracted by RIPA
lysis buffer (1% Triton X-100, 0.1% sodium deoxycholate,
1 mM phenylmethylsulfonyl fluoride (PMSF), 20 ug/ml
trypsin inhibitor, 1 mM ethylenediaminetetraacetic acid in
PBS) for 30 min at room temperature. Extracts were cen-
trifuged and concentration of proteins in supernatants was
determined by bicinchoninic acid protein assay kit (Pierce)
according to the manufacturer’s instructions. Radioactivity
in cell extracts was measured by Clinigamma counter (Phar-
macia LKB) at 60 s counting intervals. Radioactivity of
samples was normalized to protein amount and results were
expressed as means with corresponding standard devia-
tions.

Determination of lactate and pH. The concentration of lac-
tate in culture medium was determined enzymatically by the
glucose oxidase method using the LACTATE REAGENT
(Sigma, USA) according to the manufacturer’s instructions.

pH of larger volumes of cell culture medium was mea-
sured by PHM63 digital pH meter (Radiometer, Copenha-
gen, Denmark). For determination of pH of samples with
small volume (100-200 ul) a simple, rapid and reproducible
sphectroforometric method was used. Absorbance of sam-
ples at 540 nm, at proximity to local absorbtion maximum of
fenol red (phenolsulfonphtalein, acidobasic indicator pre-
sented in DMEM medium) was measured by microplate
reader (Labsystems Multiskan MS, USA) and pH was in-
terpolated by linear regression from calibration curve using
a series of standards with different pH (medium buffered
with 25 mM HEPES).

Western blotting. The cell monolayers were washed twice
with PBS and then extracted by RIPA lysis buffer (1%
Triton X-100, 0.1% sodium deoxycholate, 1 mM PMSF,
20 pg/ml trypsin inhibitor, 1 mM ethylenediaminetetraace-
tic acid in PBS) for 30 min at room temperature. The ex-
tracts were then centrifuged (15 min at 13 000 rpm) and
concentration of proteins was determined by BCA assay
(Pierce, Rockford, IL, USA) according to the manufac-
turer’s instructions. Equal amounts of protein extracts (40
ug) were fractionated by SDS-PAGE gel electrophoresis
and transferred to PVDF membrane (Immobilon™.-P,
Millipore, Bedford, U.K.). The membrane was incubated
with '**I-labeled M75 mAb and then exposed to X-ray film.
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Results

Increasing density of HeLa cells leads to induction of CA IX
expression, lactate overproduction and medium acidification.
Increasing number of HeLa cells covering whole range of
densities (from sparse to dense) were plated and grown
overnightin normoxia and then analyzed for CA IX expres-
sion, pH of culture medium and lactate content (Fig. 1). CA
IX was not expressed in sparse cells and its expression ex-
ponentially increased with growning cell density. The den-
sity-dependent exponential increase of CA IX expression
was accompanied by an increase in lactate production with
corresponding medium acidification. This suggests that in
certain density of HeLa cells, pericellular oxygen tension
reaches a level which may turn on a transcription machinery
of CA IX expression.
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Figure 1. CA IX expression, pH of medium and lactate production by HeLa
cells as a function of cell density in the normoxia. Increasing number of HeLa
cells were seeded in 96-well plates in 100 .1 of medium (n=3) and grown for 16
hin normoxia. Then CA IX expression was analyzed by immunoradiometric
assay, pH was measured spectrophotometrically and lactate concentration
was determined enzymatically using the LACTATE REAGENT. Cell den-
sity-related protein amount was determined by BCA assay. Error bars are
omitted for clarity.
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Hyperoxia and medium convection abrogates density induced
CA IX expression. To evaluate possible role of pericellular
hypoxia in induction of CA IX expression, densely plated
HelLa cells were exposed in parallel both to hyperoxia (50%
0O,) and normoxia. Cell cultures displayed increasing acid-
ification of culture medium with decrease of oxygen tension
(Fig. 2b), probably due to enhanced rate of anaerobic gly-
colysis and related overproduction of lactic acid. Observed
CA IX expression was approximately 29% of its level in the
normoxic culture (Fig. 2a). Also simple convection of cul-
ture medium in normoxia had similar effect (Fig. 2a). Re-
maining CA IX level in dense culture either incubated in
hyperoxia or shaked could be the result of accumulation
before the experimental incubation or cell-to-cell interac-
tion induced expression. To differentiate between the role
of density-mediated cell-to-cell interactions and pericellular
hypoxia (also caused by high density) in CA IX induction in
dense culture, sparsely plated HeLa cells (CA IX negative)
were left to grown to high density in hyperoxia, normoxia
and normoxia with shaking (Fig. 3). Expression of CA IXin
HelLa cells incubated in normoxia with shaking and hyper-
oxia was completely diminished despite the comparable
confluent density in control normoxic culture (Fig. 3a-3c).
IRMA showed background signal on the level of sparse
HeLa cells.

CA IX expression is abrogated in hyperoxia but remains in-
ducible by hypoxia mimics. HeLa cells incubated in hyperoxia
for prolongated time preserved inducibility of CA IX ex-
pression by transition metals (Ni** and Co**) and iron che-
lators (desferrioxamine and o-phenanthroline), but lost
inducibility of CA IX expression by density under normoxic
conditions (Fig. 4). This loss of CA IX expression in dense
culture in normoxia after hyperoxic exposure may be prob-
ably caused by inactivation of mitochondrial enzyme com-
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Figure 2. Influence of O, concentration on CA IX expression (a) and acidification of cell culture medium (b) in dense HeLa cell culture. Dense HeLa cell
cultures were incubated in hypoxia (0.1% O), normoxia (21% O,), hyperoxia (50% O) or were shaked in normoxic conditions (70 rpm) for 16 h. CA IX
expression was analyzed by immunoradiometric assay, n=3. pH of cell culture medium was measured by PHM63 digital pH meter.



254

CHRASTINA

21 convection

% 0,

Figure 3. Expression of CA IX in dense HeLa cell culture grown under
indicated conditions from sparse plated culture. Sparse HeLa cell cultures
were grown in normoxia (21% O;) with or without shaking (70 rpm), and
hyperoxia (50% O) until they reach confluency (96 h). CA IX expression
was than analyzed by inmunoradiometric assay and western blotting. Inset:
western blotting, 40 ;g protein extract from HeLa cells loaded per lane (A -
normoxia; B — normoxia with shaking; C — hyperoxia) extracts were loaded
per line. Visible light microscopy indicates comparable high density of HeLa
cells (a — normoxia; b — normoxia with shaking; ¢ — hyperoxia).
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Figure 4. Expression of CA IX in dense HeLa cells exposed under hyperoxia
to the indicated agents. Sparse plated HeLa cells were grown in hyperoxia
(50% O) until they reach confluency (96 h). The cells were than incubated in
normoxic conditions or exposed to NiCl, (300 M), CoCl, (200 M), DFO
(200 M), oPE (150 M) under hyperoxic atmosphere for 16 h (con. - control
without addition of a hypoxia mimic). CA IX expression was analyzed by
immunoradiometric assay, n=3.
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Figure 5. Stimulatory effect of 2,4-dinitrophenol on hypoxia induced CA IX
expression. Sparse HeLa cells were incubated with increasing concentration
of DNP in hypoxic atmosphere (0.1% O,) for 16 h, n=3. CA IX expression
was analyzed by immunoradiometric assay. Fold induction was calculaded
with respect to cells without addition of DNP.

plexes (I and II) involved in generation of reactive oxygen
species (ROS) by mitochondria. In this coherence when
mitochondrial respiration was stimulated by 2,4-dinitrophe-
nol (DNP) in HeLa cells exposed to hypoxia, CA IX expres-
sion was upregulated approximately 3.5 times at the highest
tested concentration (Fig. 5).

Discussion

It has been reported that CA IX expression positively
correlates with increasing density of HeLa cells [19, 32].
This phenomenon is anchorage and serum independent
[11]. It appears that density induced expression of CA IX
is not mediated by soluble factor and is not affected by
medium acidification or glucose concentration [11]. Cell
density-induced CA IX expression requires minimal HIF-
1o activity and phosphatidylinositol 3-kinase (PI3-K) path-
way activation [11].

The major aim of this study was to evalute possible role of
pericellular hypoxia in density-induced expression of CA
IX in HeLa cells in vitro. In the preliminary experiments
the cell density-dependent alteration of lactic acid produc-
tion and pH of culture medium was investigated. HeLa cells
displayed exponential increase of lactate content and re-
lated decrease of medium pH in relationship with increasing
cell density from sparse to high dense culture. These data
confirm that elevated production of lactic acid causes acid-
ification of culture medium [30]. However lactate is not the
only determinant of low interstitial pH,, of solid tumors [30]
and transmembrane tumor-associated carbonic anhydrases
such as CA IX and CA XII could contribute to this effect by
catalyzed hydration of CO,. The increase in lactate produc-
tion under hypoxic conditions was recently reported [18]
proving that lactate concentration reflects oxygen tension.
Exponential (but not proportional) increase of lactate con-
centration as a function of cell density suggested on a dis-
continuous decrease of pO, at certain density of HelLa
cells.

Early study of Stevns (1965) predicted that oxygen re-
quirements of a monolayer culture under the standard med-
ium overlay could not be adequately supplied by
atmospheric pO, [24]. Voltamperometric measurements
of WerrLEIN and Grinos (1974) suggested that oxygen avail-
ability and microenvironmental pO, gradients are directly
related to the cell density and respiratory activity of the
whole cell population in cell culture [26]. Also another stu-
dies confirmed that confluent cells are exposed to pericel-
lular hypoxia under the normoxic conditions due to
diffusion-limited oxygen delivery [15, 23, 27]. The oxidative
metabolism of proliferative active cells intensely consumpts
oxygen dissolved in the nearest extracellular milieu and
therefore around densely growing cells arises spatial gradi-
ent of O, concentration determined by limited microregio-
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nal delivery and high oxygen uptake. Under these condi-
tions, when respiration is restricted by diffusion-limited O,
supply from extracellular space pericellular hypoxia arise
and cells when trying to adapt to these instances partially
switch from aerobic to anaerobic metabolism in concor-
dance with pO, concentration. Enhanced rate of anaerobic
glycolysis leads to excessive production of lactic acid. This
may probably lead to intracellular metabolic acidosis. Liv-
ing cells maintain their intracellular pH; within a limited
range of values (neutral to slightly alkaline) to provide fa-
vorable environment for cellular metabolic functions. Mod-
erately elevated pH; is considered to be permissive for cell
growth. And therefore lactate is exported from cells by H*-
monocarboxylate cotransporter. Even other mechanisms
how to maintain neutral or relatively elevated pH; may be
employed such as amiloride-sensitive Na*/H" exchanger,
DIDS-sensitive Na*-dependent HCO5/CI” antiporter or va-
cuolar type H" ATPase in the plasma membrane [25]. Here,
CA IX and CA XII could be potentially employed in the
regulation of pH;. Its intrinsic enzymatic activity of extra-
cellular carbonic anhydrase domain (CA) could provide
HCO3™ anion for import into the intracellular space in co-
operation with HCO5”/CI" antiporter. Remaining H" may
contribute to further acidification of extracellular space.
Altogether, carboanhydrase activity of CA IX may prob-
ably help to maintain intracellular acidobasic homeostasis
with corresponding decrease of extracellular pH, under the
conditions of lowered oxygen tension, thereby it could be
helpful for survival, growth and metastatic spread of cancer
cells in the adverse microenvironments.

To elucidate the possible role of high cell density-lowered
pO, in density-induced CA IX expression, local pericellular
pO, gradient was reduced by incubation in normobaric hy-
peroxia (50% O,) and simple convection. The concentra-
tion, respectively molar ratio x of oxygen dissolved in its
aquaeous solution (culture medium) is proportional to the
partial pressure pO, in an air phase as given by Henry’s law
(1803): p=Hx, were H is the Henry’s constant. Thus in open
system with higher partial pressure of oxygen pO, in the
hyperoxic atmosphere (50% O,) also concentration of O,
dissolved in culture medium is proportionally higher. Incu-
bation in hyperoxic atmosphere completely suppressed
density-induced CA IX expression. Diffusion-limited trans-
fer of oxygen from culture medium to medium-cells surface
interface was also by-passed by agitation of medium. Both,
hyperoxia and shaking of culture medium diminished den-
sity induced CA IX expression and thus confirmed the im-
portance of pericellular hypoxia in cell density induced CA
IX expression in HeLa cells. Results of medium shaking is in
agreement with parallel independent observation [11].
However stirring of culture medium disturbs concentration
gradient of another low molecular weight metabolites,
growth factors and nutrients, and therefore experiments
with hyperoxia-abrogated CA IX expression provide defi-

nite and direct evidence of relationship between the high
cell density-mediated pO, gradient and CA IX expression
in dense HeLa cells.

The loss of CA IX expression observed in normoxic
dense culture after incubation in hyperoxia may be prob-
ably consequence of inactivation of NADH-ubiquinone re-
ductase (complex I) and succinate-ubiquinone reductase
(complex IT) observed in prolonged hyperoxia [21]. Both
enzyme complexes are involved in generation of reactive
oxygen species (ROS) by mitochondria. Recent data sug-
gest that ROS produced by mitochondria are involved in
signal transduction process of oxygen sensing [5, 6].
Furthermore, inhibition of complex I by mitochondrial in-
hibitors attenuates the accumulation of HIF-1o during hy-
poxia [1, 2]. Also stimulatory effect of oxidative phospho-
rylation uncupler (DNP) suggests on involvement of mito-
chondrial respiration in oxygen sensing. DNP as a weak acid
lipid-soluble aromatic protonophore discharges the proton-
motive force generated by proton pumps of respiratory
chain and by this way uncouples oxidative phosphorylation
and accelerates respiration. This could probably lead to
further decrease of pericellular oxygen tension and to in-
creased production of ROS with accompanying stimulation
of CA IX expression, but certainly precise mechanism re-
mains to be elucidated.

At this level of knowledge, it is not possible to explain
whether high cell-density caused moderate pO, changes
directly affect oxygen sensor or secondarily induced adap-
tive responses and metabolic changes stimulate signal trans-
duction leading to activation of PI3-K/Akt pathway acting
on the HRE and PR1 elements of CA IX promoter. Gen-
erally, these observations suggest that high cell density-low-
ered pericellular oxygen tension in standard normoxic
culture significantly influences the gene expression and
composition of microenvironment of the tumor cells.

References

[1] Acani FH, Pichiuie P, CHavez JC, LaManna JC. The role of
mitochondria in the regulation of hypoxia-inducible factor 1
expression during hypoxia. J Biol Chem 2000; 275: 35863—
35867.

[2] Acant FH, PicuiuLe P, Cuavez JC, LaManna JC. Inhibitors of
mitochondrial complex I attenuate the accumulation of hy-
poxia inducible factor-1 during hypoxia in Hep3B cells.
Comp Biochem Physiol A Mol Integr Physiol 2002; 132:
107-109.

[3] Beastey NJ, Wykorr CC, Wartson PH, Leex R, TurLey H,
Garter K, Pastorek J, Cox GJ, Rarcuirre P, Harris AL. Car-
bonic anhydrase IX, an endogenous hypoxia marker: ex-
pression in head and neck squamous cell carcinoma and its
relationship to hypoxia, necrosis, and microvessel density.
Cancer Res 2001; 61: 5262-5267.

[4] Brown JM. Tumor hypoxia, drug resistance, and metastases.



256

CHRASTINA

(5]

(6]

(7]

(8]

]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

J Natl Cancer Inst 1990; 82: 338-345.

CuanpiEL NS, MaLtere E, GoLpwasser E, Matnieu CE, Simon
MC, Scaumacker PT. Mitochondrial reactive oxygen species
trigger hypoxia-induced transcription. Proc Natl Acad Sci
USA 1998; 95: 11715-11720.

CuanpeL NS, McCrintock DS, Fericiano CE, Woop TM, Mk-
Lenpez JA, Robricuez AM, Scaumacker PT. Reactive oxygen
species generated at mitochondrial complex III stabilize
HIF-1o during hypoxia: a mechanism of O, sensing. J Biol
Chem 2000; 275: 25130-25138.

CHrasTINA A, PasTorekovA S, Pastorek J. Immunotargeting
of human cervical carcinoma xenograft expressing CA IX
tumor-associated antigen by '*I-labeled M75 monoclonal
antibody. Neoplasma 2003; 1: 13-21.

Hocuacuka PW, Lurz PL. Mechanism, origin, and evolution
of anoxia tolerance in animals. Comp Biochem Physiol B
Biochem Mol Biol 2001 Dec; 130: 435-459.

Hocker M, Scriencer K, Hocker S, Vaurer P. Hypoxic cer-
vical cancers with low apoptotic index are highly agressive.
Cancer Res 1999; 59: 4525-4528.

Ivanov SL, Liao SY, Ivanova A, DaNiLkoviTcH-MIaGkova A,
Tarasova N, WEiricH G, MerriLL M J, ProescaoLbr MA, OLb-
rieLd EH, Lee J, ZAvapa J, Waneep A, Sty W, Lerman MI,
StaneripGe EJ. Expression of hypoxia-inducible cell-surface
transmembrane carbonic anhydrases in human cancer. Am
J Pathol 2001; 158: 905-919.

Karuz S, KaruzovA M, Curastina A, Orive PL, PAsTorekOVA
S, Pastorexk J, Lerman MI, Stansrivge EJ. Lowered oxygen
tension induces expression of the hypoxia marker MN/Car-
bonic anhydrase IX in the absence of hypoxia-inducible fac-
tor 1o stabilization. Cancer Res 2002; 62: 4469-4477.
Loncaster JA, Harris AL, Davipson SE, Locue JP, Hunter
RD, Wycorr CC, Pastorex J, RatcLirre PJ, Strarrorp 1J,
West CML. Carbonic anhydrase (CA IX) expression, a po-
tential new intrinsic marker of hypoxia: correlations with
tumor oxygen measurements and prognosis in locally ad-
vanced carcinoma of the cervix. Cancer Res 2001; 61:
6394-6399.

Martin GR, Jain RK. Noninvasive measurement of intersti-
tial pH profiles in normal tissue using fluorescence ratio
imaging microscopy. Cancer Res 1994; 54: 5670-5674.
MartiNez-ZacuiLaN R, Serror EA, Serror REB, Cau Y-W,
Guiies RJ, Henorix MJC. Acidic pH enhances the invasive
behavior of human melanoma cells. Clin Exp Metastasis
1996; 14: 176-186.

Merzen E, Worrr M, Fanprey J, JeLkmanny W. Pericellular
PO, and O, consumption in monolayer cell cultures. Respir
Physiol 1995; 100: 101-106.

Mourper JE, Rockwere S. Hypoxic fractions of solid tumors:
experimental techniques, methods of analysis, and a survey
of existing data. Int J Radiat Oncol Biol Phys 1984; 10: 695—
712.

Ouive PL, Aquino-Parsons C, MacPuai. SH, Liao SY, Ra-
LeiGH JA, Lerman MI, Stanerince EJ. Carbonic anhydrase
9 as an endogenous marker for hypoxic cells in cervical can-
cer. Cancer Res 2001; 61: 8924-8929.

Oumbir A, Pranes C, Fernanpes I, VanHEesse A, Crericr C.
Hypoxia upregulates activity and expression of the glucose

(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

transporter GLUT1 in alveolar epithelial cells. Am J Respir
Cell Mol Biol 1999; 21: 710-718.

Pastorek J, PastorekovA S, CaLLesaur I, MornoN JP, ZELNiK
V, Oravsky R, Zatovicova M, Liao S, PorteteLLe D, Stan-
BRIDGE EJ, ZAvapa J, Burny A, Kerrmann R. Cloning and
characterization of MN, a human tumor-associated protein
with a domain homologous to carbonic anhydrase and a pu-
tative helix-loop-helix DNA binding segment. Oncogene
1994; 9: 2788-2888.

PastorekovA S, ZAvapovA Z, KostAL M, Basusikova O, Z4-
vapa J. A novel quasi-viral agent, MaTu, is a two-component
system. Virology 1992; 187: 620-626.

ScHooNeN WGEJ, Wanamarta AH, van per KLEl-vaN MoOR-
seL JM, Jakoss C, Joense H. Respiratory failure and stimula-
tion of glycolysis in chines hamster ovary cells exposed to
normobaric hyperoxia. J Biol Chem 1990;256: 11118-11124.
Semenza GL. Hypoxia-inducible factor 1: oxygen homeosta-
sis and disease pathophysiology. TRENDS in Molecular
Medicine 2001; 7: 345-350.

Suera EA, Troutr H, GiLpea JJ, Harping MA, THEODORESCU
D. Cell density mediated pericellular hypoxia leads to in-
duction of HIF-1« via nitric oxide and Ras/MAP kinase
mediated signaling pathways. Oncogene 2001; 20: 7624—
7634.

Stevens KM. Oxygen requirements for liver cells in vitro.
Nature 1965; 206: 199.

Stuses M, McSueeny PMJ, Grirritis JR, Basurorp CL.
Causes and consequences of tumor acidity and implications
for treatment. Molecular medicine today 2000; 6: 15-19.
WerrLeN RJ, Grivos AD. Oxygen microenvironment and
respiratory oscillations in cultured mammalian cells. Nature
1974; 251: 317-319.

WoLrr M, Fanprey J, JELkmann W. Microelectrode measure-
ments of pericellular pO, in erytropoietin-producing human
hepatoma cell cultures. Am J Physiol 1993; 256: C1266—
C1270.

Wykorr CC, BeasLey NJP, Wartson PH, Turner KJ, Pastorex
J, SisraiNn A, WiLson GD, TurLey H, Tarks KL, MaxwerL PH,
Puca CW, Rartciirre PJ, Harris AL. Hypoxia inducible reg-
ulation of tumor associated carbonic anhydrases. Cancer
Res 2000; 60: 7075-7083.

XuL,FmoLer 1J. Acidic pH-induced elevation in interleukin 8
expression by human ovarian carcinoma cells. Cancer Res
2000; 60: 4610-4616.

Yamacata M, Hasuba K, Stamaro T, Tannock IF. The con-
tribution of lactic acid to acidification of tumours: studies of
variant cells lacking lactate dehydrogenase. Br J Cancer
1998; 77: 1726-1731.

ZAvapa J, ZAvapova Z., Machox O, Kurinova L, NeMECKOVA
S, Opavsky R, Pastorek J. Transient transformation of ma-
malian cells by MN protein, a tumor associated cell adhesion
molecule with carbonic anhydrase activity. IntJ Oncol 1997;
10: 857-863.

ZAvapA J, ZAvapovA Z., PASTOREKOVA S, Ciampor F, Pastorex
J, Zeinik V. Expresion of the MaTu-MN protein in human
tumor cultures and in clinical specimens. Int J Cancer 1993;
54:268-274.



