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Abstract

Transcription of the CA9 gene coding for a tumor-associated carbonic anhydrase IX (CA IX) isoform is regulated by hypoxia via the
hypoxia-inducible factor 1 (HIF-1) and by high cell density via the phosphatidylinositol-3-kinase (PI3K) pathway. We examined the role of
the mitogen-activated protein kinase (MAPK) pathway in the control of C4A9 gene expression. Inhibition of MAPK signaling by U0126 in
HeLa cells led to reduced activity of the PR1-HRE-luc CA9 promoter construct and decreased CA IX protein levels in dense culture as well
as in hypoxia. Similar reduction was obtained by expression of a dominant-negative ERK1 mutant and was also observed in U0126-treated
HIF-1a-deficient Kal3 cells. Simultaneous treatment with the MAPK and PI3K inhibitors U0126 and LY 294002 had stronger effect than
individual inhibition of these pathways. Taken together, our results suggest that besides the PI3K pathway, the MAPK cascade is involved in

the regulation of C4A9 gene expression under both hypoxia and high cell density.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Carbonic anhydrases are widely distributed enzymes,
which play important roles in diverse physiological and
pathological processes. Via catalysis of a reversible
conversion of carbon dioxide to bicarbonate and proton,
they participate in gas exchange, ion transport and acid—
base balance across the cell membrane and in different
intracellular compartments. Eleven out of twelve enzy-
matically active mammalian isoforms are predominantly
associated with differentiated cells and fulfill specialized

Abbreviations: CA 1X, carbonic anhydrase protein; CA9, carbonic
anhydrase gene; HIF, hypoxia inducible factor; PI3K, phosphatidylinositol-
3-kinase; MAPK, mitogen-activated kinase
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functions in various tissues and organs [1]. In contrast, the
carbonic anhydrase IX (CA IX) isoenzyme is mainly
present in solid tumors and its expression in normal
tissues is limited to the epithelia of the gastrointestinal
tract [2]. Moreover, expression of CA IX is linked with
poor prognosis in several types of carcinomas [3], and the
protein appears to be functionally implicated in tumori-
genesis as a part of the regulatory mechanisms that
control pH and cell adhesion [4,5].

Strong association of CA IX with a broad range of
tumors is principally related to its transcriptional regulation
by hypoxia and high cell density, which appear to activate
the CA9 promoter through two different, but interconnected
pathways [6—8]. The promoter of the CA9 gene contains
five regions protected in DNase I footprinting (PR1-PRS,
numbered from the transcription start) [9]. PR1 and PR2
bind SP1/3 and AP1 transcription factors and are critical for
the basic activation of CA9 transcription [9,10].
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The CA9 promoter sequence (—3/—10) between the
transcription start and PRI contains a HRE element
recognized by a hypoxia inducible factor 1 (HIF-1),
which governs transcriptional responses to hypoxia [6].
HIF-1 is composed of two subunits: a constitutively
expressed HIF-1p and a rate-limiting HIF-lo, which is
regulated by the availability of oxygen. Under hypoxia,
HIF-1a skips modification of its conserved proline and
asparagine residues by oxygen-sensitive hydroxylases,
thus avoiding degradation mediated by pVHL and
inactivation mediated by FIH-1 [11-13]. This leads to
HIF-1a accumulation, dimerization with HIF-1pB, binding
to HRE sites in the target genes, interaction with the co-
factors and stimulation of the HIF-1 trans-activation
capacity. In addition, HIF-la can be up-regulated under
normoxic conditions by different extracellular signals and
oncogenic changes transmitted via the PI3K and MAPK
pathways [14,15]. Whereas PI3K activation results in an
increased level of HIF-la protein, MAPK activation
improves its trans-activation properties [16,17].

HIF-1 strongly induces transcription of the CA9 gene in
hypoxia, but for full induction requires a contribution of the
SP1/3 transcription factor binding to PR1 [6,18]. Upregu-
lation of CA9 transcription in increased cell density involves
a mild pericellular hypoxia, depends upon cooperation of
SP1 with HIF-1 at subhypoxic level and operates via the
PI3K pathway [8]. Hypoxia and cell density act in an
additive fashion so that the highest expression of CA9 is
achieved under conditions of low oxygen at high density
[8].

In this work, we studied a role of the MAPK pathway in
the transcriptional activation of the CA9 gene. The ration-
ale was based on numerous data demonstrating an
importance of the MAPK pathway in both hypoxia-
dependent and -independent activation of HIF-1 as well
as in the regulation of its transcriptional targets, such as
VEGF [17,19-21]. In accord with those studies, we found
that inhibition of the MAPK pathway by a specific
inhibitor down-regulated the CA9 promoter activity and
CA IX protein expression in both hypoxia and high cell
density. Transcriptional activity of the C49 promoter was
also reduced by expression of a dominant-negative mutant
of the ERK1 component of the MAPK pathway. Finally,
we showed that a simultaneous inhibition of PI3K and
MAPK signaling down-regulated the C49 promoter activ-
ity and protein level more strongly than their separate
inhibition suggesting a concurrent involvement of these
pathways in the control of the CA9 expression.

2. Materials and methods
2.1. Cell culture and hypoxic treatment

HeLa cells derived from human cervical carcinoma and
HEK?293 human embryonic kidney cells were cultured in

DMEM supplemented with 10% FCS (BioWhittaker,
Verviers, Belgium) under humidified air containing 5%
CO, at 37 °C. Kal3 derivative of CHO-K1 Chinese
hamster cells (kindly provided by Dr. Patrick Maxwell,
Imperial College of Science, Technology and Medicine,
London, UK) [22] were cultured in Ham’s F12 medium
with 10% FCS. The cells were exposed to hypoxia (1%
0,) in an anaerobic workstation (Ruskin Technologies,
Bridgend, UK) in 5% CO,, 10% H, and 84% N, at 37
°C. Hypoxia was also induced chemically either with 200
UM deferoxamine mesylate (DFO, Sigma, St. Louis, MO),
an iron chelator commonly used in the study of hypoxia-
induced responses, or with 0.75 mM 2-oxoglutarate-
dependent dioxygenase inhibitor dimethyloxalylglycine
(DMOG, Frontier Scientific, Logan UT).

2.2. Inhibitors, antibodies and plasmids

The MAPKK inhibitor U0126 (Sigma), the PI3K inhibitor
LY294002 (Calbiochem, Cambridge, MA) and the SP1
inhibitor mithramycin A (MMA, Sigma) were dissolved in
dimethyl sulfoxide (DMSO) at 10 mM, and stored in aliquots
at —20 °C. Prior to use, the inhibitors were diluted in culture
medium to working concentrations, i.e. 20 uM U0126, 10 uM
LY294002 and 100 nM MMA. The final concentration of
DMSO was less than 0.2% including controls. Cultures were
pre-incubated with the inhibitors 1 h before the induction of
hypoxia or addition of DFO. Cytotoxic drug effects were
monitored by the colorimetric Cell Titer Blue method
(Promega, Madison, WI).

M75 mouse monoclonal antibody specific for the N-
terminal PG region of the CA IX protein was described
previously [23,24]. Secondary anti-mouse antibodies con-
jugated with horse-radish peroxidase were purchased from
Sevapharma (Prague, Czech Republic).

The PRI1-HRE-luc promoter construct was generated
by an insertion of a —50/+37 CA9 genomic region
amplified by PCR upstream of the firefly luciferase gene
in pGL3-Basic luciferase reporter vector (Promega). pRL-
TK renilla vector (Promega) served for the control of the
transfection efficiency. HIF-la ¢cDNA in pcDNA1/Neo/
HIF-1a expression plasmid [22] was kindly provided by
Dr. Patrick Maxwell. Dominant-negative mutants of ERK1
(pcDNA-ERK1) and ERK2 (pcDNA-ERK2) mutated in
their ATP binding sites were kindly provided by Dr. M.H.
Cobb (Southwestern Medical Center, Dallas) [20].

2.3. Transient transfection and luciferase assay

The cells were plated into 30 mm Petri dishes to reach
approximately 60% monolayer density on the next day.
Transfection was performed with the 2 pg of PRI-HRE-
luc and 100 ng of pRL-TK plasmids DNAs using a
GenePorterll reagent (Gene Therapy Systems, San Diego,
CA) according to the manufacturer’s recommendation.
One day later, the transfected cells were trypsinized and



J. Kopacek et al. / Biochimica et Biophysica Acta 1729 (2005) 41-49 43

plated in triplicates into 24-well plates at different
densities so that the dense culture contained eight times
more cells than the sparse one. The cells were allowed to
attach for 20 h, then they were pre-treated with inhibitors
for 1 h and transferred to hypoxia (or treated with DFO)
for additional 24 h. Reporter gene expression was
assessed 48 h after the transfection using the Dual-
Luciferase Reporter Assay System (Promega) and the
luciferase activity was normalized against the renilla
expression.

2.4. Immunoblotting

HeLa cells were plated in dense (80,000 cells/cm?) and
sparse (10,000 cells/cm?) cultures and incubated for 24 h.
Then the cells were pre-treated with inhibitors for 1 h and
transferred to hypoxia for 24 h. Parallel control dishes were
pre-treated and maintained in normoxia for the same time
period.

For the detection of CA IX, the cells were extracted with
cold RIPA buffer for 15 min at 4 °C. The extracts were then
centrifuged (15 min at 13,000 rpm) and total protein
concentrations were determined by BCA assay (Pierce,
Rockford, IL). Samples of 30 pg total proteins were
separated by the electrophoresis using 10% SDS-PAGE
and blotted onto the PVDF membrane. Before immunode-
tection, the membrane was treated by the blocking buffer
containing 5% non-fat milk in PBS with 0.2% Nonidet P-40
for 1 h and incubated for 1 h with M75 MAD diluted 1:2 in
the blocking buffer. Then the membrane was washed,
incubated for 1 h with the anti-mouse secondary antibody,
washed again and developed with the ECL detection
system. Intensity of CA IX-specific bands was analyzed
by the Scion Image Beta 4.02 software (Scion Corporation,
Frederick, MD) and relative CA IX expression was
expressed in percent.

3. Results

3.1. Inhibition of MAPKK reduces CA9 promoter activity
and CA IX protein expression in both hypoxia and high
density

Previous studies have determined PR1-HRE as a crucial
cell density- and hypoxia-inducible module within the CA9
promoter [8,18]. Therefore, we have cloned a —50/+37
CA9 genomic region, containing this module in the natural
context of the transcription start site, upstream of the
reporter luciferase gene. The PRI1-HRE-luc promoter
construct was then co-transfected with the renilla-coding
control plasmid to HeLa cells that express CA IX protein
in response to hypoxia and high cell density. In accord
with earlier observations, the highest CA9 promoter
activity was obtained in a dense culture exposed to
hypoxia-mimicking agent DFO. Treatment of the cells

with a MAPKK inhibitor U0126 resulted in about a
fourfold decrease of the C4A9 promoter activity irrespective
of the conditions used for cell incubation (Fig. 1A). CA9
promoter induction and its U0126 inhibition were com-
parable in physiological hypoxia (not shown). In addition,
endogenous CA IX protein levels produced in HeLa cells
upon MAPKK inhibition under hypoxia and/or high
density corresponded with the promoter activities (Fig.
1B). Similar results were obtained when PRI-HRE-luc
construct was transfected to HEK293 cells that do not
express endogenous CA IX protein, but contain the
transcriptional machinery needed for the activation of the
CAY promoter by hypoxia as well as by high cell density.
The increase of the CA9 promoter activity observed in a
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Fig. 1. Effect of MAPK pathway inhibition by U0126 on CA9 promoter
activity and CA IX protein level. (A) Transcriptional activity of PRI-
HRE-luc portion of the CA9 promoter in HeLa cells grown in sparse and
dense cultures. The cells were co-transfected with PRI-HRE-luc CA49
promoter construct and renilla plasmid, re-plated at different densities,
pre-treated with U0126 MAPK inhibitor and subjected to DFO-induced
hypoxia. CA9 promoter activity was measured 48 h after the transfection
and calculated as a ratio between the luciferase and renilla-related values.
Results are expressed as the percentage of activity obtained in dense
normoxic cultures. Bars represent the mean values including standard
deviations. (B) Expression of endogenous CA IX protein in U0126-
treated HeLa cells grown in high and low density and under normoxia
(20% O,) and atmospheric hypoxia (1% O,) was analyzed by
immunoblotting using CA IX-specific monoclonal antibody M75.
Relative level of CA IX protein was analyzed by Scion Image and all
measurable values were expressed in percent (% CA IX).
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Fig. 2. Transcriptional activity of the CA9 promoter in Kal3 cells co-
transfected with the empty pcDNA3.1 plasmid (A) and with the plasmid
encoding HIF-lao ¢cDNA (B). Transfection with PR1-HRE-luc construct,
treatment with U0126 and DFO, cell cultivation and assessment of the
CA9 promoter activity was as described in Fig. 1. Results are expressed
as the mean percentage of activity obtained in the normoxic cultures
transfected with the empty plasmid. Bars represent the mean values
including standard deviations.

dense culture exposed to hypoxia was considerably
inhibited by treatment with the UO0126 inhibitor of
MAPKK (data not shown).

3.2. Inhibition of MAPKK reduces CA9 promoter activity in
the presence as well as in the absence of HIF-1o

Next we sought to find out whether regulation of CA9
expression by the MAPK pathway depends on the
presence of HIF-la. For this purpose we used CHO-
derived Kal3 cells that do not express endogenous HIF-
la protein [22]. These HIF-la-deficient cells were
previously shown to be unable to normally activate the
CAY promoter in response to cell density [8]. Therefore,
we plated the Kal3 cells at intermediate density, trans-
fected them with PRI-HRE-luc promoter construct
together with the renilla control plasmid and pcDNA3.1
plasmid, pre-treated with U0126 MAPKK inhibitor and
exposed to a DFO-induced hypoxia. Parallel dishes were
maintained in absence of DFO. Expectedly, the CA9
promoter activity was not increased in hypoxia apparently
due to the absence of the HIF-1a protein. In spite of this,
inhibition of MAPKK by U0126 diminished the promoter
activity to less than a half in both conditions (Fig. 2A).
Co-transfection of the PRI-HRE-luc construct with a
cDNA encoding the wild-type HIF-1a led to a remarkable
elevation of the C49 promoter activity, which was further
increased upon DFO-induced hypoxia, possibly as a result
of the stabilization of the ectopically expressed HIF-la
(Fig. 2B). In correspondence with the results of the
previous experiments, MAPKK inhibition reduced the
promoter activity to approximately one third of a HIF-1a-
induced value. These data indicate that MAPK pathway
can affect the CA9 expression both via a HIF-1-mediated
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Fig. 3. Influence of dominant-negative mutant of MAPK/ERK1 on the CA9 promoter activity in HEK293 cells. (A) The cells were co-transfected with the PR1-
HRE-luc promoter construct and cDNA encoding the dominant-negative mutants of MAP kinases ERK1 (ERK1-DN) and ERK2 (ERK2-DN) and maintained
in normoxia under high density. (B) The cells were co-transfected with PR1-HRE-luc and ERK1-DN plasmids and grown in sparse or dense culture under
normoxia or hypoxia (1% O,). Transcriptional activity of the C49 promoter was determined as described in Fig. 1. Results are expressed as the mean
percentage of activity obtained in the cells co-transfected with an empty pcDNA3.1 plasmid that served as a control.
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transcriptional activation and via a HIF-la-independent
mechanism.

3.3. CA9 promoter activity decreases upon expression of a
dominant negative mutant of ERK1

MAPKK signaling is transmitted essentially via two
downstream mediators, namely the serine/threonine
kinases MAPK/ERK1 and MAPK/ERK2 [25]. To learn,
which of the two ERKs is involved in the control of C49
expression, we co-transfected the PR1-HRE-luc plasmid
with the plasmids encoding the dominant-negative (DN)
kinase-dead mutants of either ERK1 or ERK2 into dense
HEK293 cells. These cells were chosen for this experi-
ment due to their capacity to allow for a very high
efficiency in transient co-transfection and for their full
competence to drive transcription from the CA49 promoter
as mentioned above. On the other hand, HeLa cells have
a high basal level of MAPK activity even in the absence
of serum [26] and transient co-transfection with DN
mutants is not sufficient to get consistent results.
Luciferase activities obtained in the transfected HEK293
cells and normalized against the renilla control revealed
that co-expression of ERKI1-DN reduced the CA9
promoter activity by about 40%, whereas co-expression
of ERK2-DN had no significant effect (Fig. 3A). Based
on this finding, we performed a co-transfection of PRI1-
HRE-Iuc with ERK1-DN to the cells grown in sparse and
dense conditions under normoxia and hypoxia. As
expected, expression of a kinase-dead mutant of ERKI1
negatively affected the CA9 promoter activity in all
examined conditions (Fig. 3B). Hypoxic induction of the
CAY9 promoter was not as dramatic as seen before in
HeLa cells, possibly due to a lower level of HIF-la
protein in HEK293 cells [17]. Nevertheless, these findings
clearly suggested that ERK1 participates in the MAPK
pathway-related molecular mechanisms regulating the
expression of CA9.

3.4. Simultaneous inhibition of MAPK and PI3K pathways
has an additive negative effect on CA9 promoter activity
and CA IX protein expression

Comparison of the normoxic and hypoxic activities of
the CA9 promoter in all HeLa, HEK293 and Kal3 cell lines
has shown that the U0126-treatment did not completely
abolish the induction of C49 expression. This fact indicated
that a part of the regulatory mechanisms, which transmit
molecular signals generated by hypoxia and/or high cell
density, remained functional. Previous studies provide
evidence for the involvement of the PI3K pathway in the
density-induced CA IX expression [8]. We therefore
anticipated that this PI3K pathway could be responsible
for the CA9 promoter activity remaining after inhibition of
the MAPK signaling. To examine this assumption, HelLa
cells incubated in normoxia and physiological hypoxia were

treated with inhibitors of MAPK (U0126) and PI3K
pathways (LY294002). The inhibitors were tested to
determine the concentration that would give the maximum
combined inhibitory effect without compromising cell
survival (data not shown). Each inhibitor alone was able
to reduce the CA9 promoter activity measured in dense
hypoxic HeLa cells transfected with PR1-HRE-luc construct
to about one third of its control value and their simultaneous
effect was still stronger (Fig. 4A). The effects of inhibitors
were less pronounced in the normoxic and sparse cells, but
showed similar tendency. Immunoblotting analysis of
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Fig. 4. Expression of C49 gene in HeLa cells treated with inhibitors of
both MAPK and PI3K pathways. (A) Effect of inhibitors on the CA9
promoter activity was evaluated in the cells transfected with the PRI-
HRE-luc promoter construct, re-plated at high or low density and
maintained for 24 h in normoxia or hypoxia (1% O,). Results are
expressed as the mean percentage of activity measured in the non-treated
cells and include standard deviations. (B) Sparse and dense HeLa cells
were incubated for 48 h under normoxia and hypoxia in the presence of
U0126 and LY294002 inhibitors. Cell extracts were analyzed by
immunoblotting with M75 MAb to visualize the resulting level of CA
IX protein. (C) The same experiment was performed in sparse HeLa cells
using DMOG dioxygenase inhibitor that stabilizes HIF-1a. Relative level
of CA IX protein was analyzed by Scion Image and all measurable
values were expressed in percent (% CA IX).
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endogenous CA IX protein expression in HeLa cells treated
with the inhibitors confirmed that CA IX protein level was
considerably diminished by the LY94002 inhibitor alone
and addition of the UO0126 inhibitor caused its further
decrease (Fig. 4B). This effect could be observed under both
high and low cell density. The inhibitors similarly reduced
CA IX protein expression induced in HeLa cells by DMOG,
a hydroxylase inhibitor that increases stability and activity
of HIF-1a (Fig. 4C). Altogether, these results allowed us
conclude that both PI3K and MAPK pathways act in parallel
to activate the CA9 gene both in hypoxia and in high cell
density.

3.5. Inhibition of SPI activity further reduces CA9 gene
expression induced by hypoxia and/or high cell density

Our findings presented above suggest that inhibition of
MAPKK interfered with a principal activating mechanism
that functions under low oxygen supply as well as in the
normoxic cells grown in a dense culture. The triggered
signal transduction pathways seem to be integrated by a

PR1-binding SP1 transcription factor, which was shown to
be required for the cooperative interaction with HRE-
binding HIF-1a under both conditions [18]. Therefore, we
treated PR1-HRE-luc-transfected HeLa cells with SPI1
inhibitor MMA and with MAPKK inhibitor U0126. This
experiment included also PI3K inhibitor LY294002 com-
bined with MMA. Treatment of the transfected cells with
MMA +U0126 and MMA +LY29002, respectively, resulted
in stronger inhibition of CA9 promoter activity when
compared to MMA alone. Simultaneous addition of all
inhibitors showed an augmented effect, which was espe-
cially marked in dense hypoxic culture (Fig. 5A). Further-
more, each MMA and U0126 separately reduced the CA IX
protein level, but the combination of inhibitors almost
completely prevented the hypoxic induction of CA IX
protein expression (Fig. 5B). Inhibition of HeLa cells grown
in a dense culture gave very similar results. Our data
confirm that SP1 mediates both hypoxia and density
induced trans-activation signals as it was already proposed
by Kaluz et al. [18]. They also indicate that CA9 gene
expression accepts signals transmitted by PI3K and MAPK
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Fig. 5. Excessive negative effect of SP1 inhibition on the CA9 promoter activity and CA IX protein expression in MAPK-and/or PI3K-inhibited cells. (A)
Effect of inhibitors on the CA9 promoter activity was evaluated in HeLa cells transfected with the PR1-HRE-luc promoter construct, re-plated at high/low
density and exposed to normoxia/hypoxia (1% O,). Results are expressed as the mean percentage of the activity measured in the non-treated cells and include
standard deviation. (A) HeLa cells were seeded at low and high density. After the pre-treatment with the inhibitors, the cells were transferred to hypoxia (1%
0,), and parallel dished were kept in normoxia. After 48 h, the cells were extracted and analyzed by immunoblotting. Relative level of CA IX protein was
analyzed by Scion Image and all measurable values were expressed in percent (% CA IX).
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at least partially via SP1 and that these paths may overlap
and/or complement each other in regulation of the CA9
promoter.

4. Discussion

The MAPK pathway plays an important role in trans-
duction of extracellular signals exerted by various mitogenic
and micro-environmental factors [25]. Hypoxia, which is
frequently present in tumor microenvironment, activates
ERK kinases by inducing their phosphorylation and nuclear
translocation [20,27]. ERKs then increase a trans-activation
capacity of HIF-1 by transmitting the phosphorylation
signal to the C-terminal domain of HIF-1a subunit [20] as
well as by recruitment and phosphorylation of HIF-1 co-
activators [28,29]. Under normoxic conditions, the MAPK
pathway becomes activated by various growth factors,
hormones and by high cell density [25,30]. This activation
has similar effects on HIF-la and also promotes tran-
scription of HIF-1-regulated genes [17]. Depending on the
cell type and culture conditions, hypoxia and mitogenic
stimulation can work together to enhance the activation of
the MAPK pathway and up-regulation of HIF-1 activity. It is
not surprising that this pathway significantly influences the
expression of the HIF-1 targets, such as VEGF [31].
Nevertheless, HIF-1a is not the only transcription factor
regulated by MAPK, and HIF-1-independent mechanisms of
MAPK-regulated expression of different genes including
VEGEF have been described [19,27].

In this study we analyzed the transcriptional regulation
of the CA9 gene that is a direct target of HIF-1, which
binds to the HRE element adjacent to the transcription
initiation site. Hence, CA9 is strongly induced by hypoxia
[6]. In addition, CA9 transcription can be up-regulated
under normoxic conditions by a high cell density [7]. This
density-induced CA9 expression involves a pericellular
hypoxia, depends on subhypoxic levels of HIF-1 and is
mediated by PI3K signaling [8]. PI3K is a key component
of another signal transduction pathway that is activated
under hypoxia, up-regulates HIF-1 by increasing protein
synthesis of HIF-la subunit and can also transmit
extracellular signals in a HIF-1 independent manner
[16,32,33]. The list of targets involves VEGF that is
expressed in response to activation of the PI3K pathway
under hypoxia as well as under normoxia [33-36].
Altogether, VEGF expression is subjected to a complex
regulation by at least three major signal transduction
pathways driven by HIF-1, PI3K and MAPK.

Based on the principal significance of the MAPK
pathway in regulation of gene expression in diverse cellular
processes and using the VEGF gene as a paradigm, we
decided to investigate whether the MAPK pathway contrib-
utes to control of CA49 transcription. If so, we also wanted to
know whether MAPK signaling is important either for
hypoxic induction of CA9 expression or for its up-regulation

by density, or for both. Therefore, we analyzed the activity
of a crucial PR1-HRE portion of the C49 promoter in cells
grown in low and high densities as well as in those
maintained in low and normal oxygen levels. The cells
transfected by the PR1-HRE-luc promoter construct were
re-plated to different densities, pre-treated with the MAPKK
U0126 inhibitor and then subjected to hypoxia. In both
HelLa and HEK?293 cell lines used, we observed a
remarkable reduction of the CA9 promoter activity follow-
ing inhibition of the MAPK pathway in all tested conditions
of cell incubation. The same expression pattern was
obtained with an endogenous CA IX protein expressed in
the MAPK inhibitor-treated HeLa cells. These results have
shown that our assumption was correct and that the MAPK
pathway is actually involved in the control of CA9 gene
expression both in hypoxia and high cell density.

Of course, effects of the MAPK pathway inhibition could
rely on HIF-1 as it was mentioned above and as it was also
shown for the PI3K pathway in the density-induced CA9
expression [8]. Indeed, involvement of HIF-1 was indirectly
supported by the finding of a negative regulation of the C49
promoter activity by a dominant-negative mutant of MAPK/
ERKI1, but not ERK2, since only ERK1 can phosphorylate
and activate HIF-1a [20]. However, examination of the C49
promoter activity in HIF-1a deficient Kal3 cells and in the
same cells co-transfected with the HIF-1ao cDNA revealed
that at least a part of the response to MAPK inhibition is not
dependent on HIF-1a. In the absence of HIF-1a, Kal3 cells
are unable to induce CA9 expression in hypoxia and a high
cell density has only a weak stimulatory effect [8], but the
treatment with the MAPK inhibitor can lower even the basal
CA9 promoter activity to less than half. Upon ectopic
expression of HIF-1a, CA9 activity markedly increases, and
inhibition of MAPKK brings it back down to about one
third of the control level. Thus, both HIF-1-dependent and
independent components seem to be involved in trans-
mission of regulatory signals by the MAPK pathway to the
CA9 promoter.

Interestingly, the MAPK-inhibited cells still retain the
capacity to induce CA9 transcription in hypoxia and in high
cell density, so additional regulators are apparently
involved. In fact, PI3K was already proven to play a role
in CAY9 control in a dense culture and also seems to
participate in HIF-1-mediated induction of C49 in hypoxia,
because its inhibition leads to a decreased level of HIF-1a
protein and consequently to a diminished level of CA IX
protein in HeLa cells [8]. Indeed, simultaneous treatment of
the dense and hypoxic HeLa cells with the MAPK and PI3K
inhibitors had an augmented negative effect on the CA9
promoter activity as well as on CA IX protein expression.
The resulting promoter activity and level of the CA IX
protein were very low or even absent, clearly indicating that
these pathways complement each other in the control of
CA9 gene and that they are responsible for a significant part
of density-induced as well as hypoxia-induced CA9
expression.
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Previous dissection of the transcriptional factors that
execute the hypoxic and density-generated signals by direct
binding to the CA9 promoter revealed HIF-1 and SP1 as key
players and demonstrated that SP1 activity is required for the
full transcription of the C49 gene under both conditions [18].
Whereas SP1 functioning is obligatory for CA9 induction by
density, it seemed to be needed only for an improvement of
HIF-1-mediated CA9 transcription under hypoxia [18]. In the
present experiments, inhibition of SP1 considerably reduced
the hypoxia-induced CA IX protein expression. This effect
was stronger after additional inhibition of MAPKK, suggest-
ing that the MAPK pathway, which is constitutively activated
in HeLa cells [26], cooperates with SP1 in proper signal
transduction to the CA9 promoter. The same explanation
possibly applies to SP1’s role in MAPK and/or PI3K-
mediated CA9 transcription in high cell density. Based on
these data, SP1 clearly behaves as an important component of
the basal CA9 transcription machinery, which is required for
the full performance of both the MAPK and PI3K pathways.
This fits well with the current view of SP1 as an acceptor and
integrator of signals from these two pathways upon their
activation by hypoxia and by extracellular factors [31,37,38].

Taken together, in this work we provided the evidence for
an involvement of the MAPK pathway in the regulation of
CA9 expression. We demonstrated that this pathway controls
the CA9 promoter via both HIF-1-dependent and HIF-1
independent signals and that it works along with the PI3K
pathway and SP1 as a downstream mediator of CA9
transcriptional responses to both hypoxia and high cell
density. This is an important finding, since activating
mutations of various components of both MAPK and PI3K
pathways, which occur in many tumor types [39], may up-
regulate CA9 gene expression inside as well as outside of the
hypoxic regions and influence an intratumoral distribution of
the CA IX protein. CA IX is functionally implicated in tumor
growth and survival [4,5,40], and its increased expression
may thus have important consequences for tumor biology.
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